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Hypoxia	 inducible	 factor	 (HIF)	 and	 Glucocorticoids	 (GCs)	 transcriptional	 responses	
play	a	pivotal	role	in	tissue	homeostasis,	glucose	metabolism	and	in	the	regulation	of	
cellular	responses	to	various	forms	of	stress	and	inflammation.	In	the	last	decades	few	
in	 vitro	 studies	 highlighted	 the	 potential	 for	 crosstalk	 between	 these	 two	 major	
signalling	pathways.	However,	how	this	interplay	precisely	takes	place	in	vivo	is	still	
unclear.		
	 To	 this	 end,	 the	 aim	 of	 this	 project	 is	 to	 elucidate	 how	 and	 to	what	 degree	
hypoxic	signalling	affects	the	endogenous	glucocorticoid	pathway	and	vice	versa,	using	
zebrafish	larvae	(Danio	rerio)	as	an	in	vivo	model	organism.	Indeed,	the	use	of	whole	















grsh543	 (nr3c1)),	 coupled	 to	 an	 already	 existing	 vhlhu2117/+;phd3:eGFPi144/i144	 hypoxia	






post	 fertilisation	 larvae.	 In	addition,	despite	HIF	activity	being	 low	at	normoxia,	my	
data	show	that	it	already	impedes	glucocorticoid	activity	and	levels.		
	 Secondly,	I	 further	analysed	the	 in	vivo	contribution	of	glucocorticoids	to	HIF	
signalling.	Interestingly,	my	results	show	that	both	glucocorticoid	receptor	(GR)	and	
mineralocorticoid	receptor	(MR)	play	a	key	role	in	enhancing	the	HIF	response.		












































































































































































































































































































































































	 Hypoxia,	 or	 decreased	 oxygen	 levels,	 is	 also	 a	 common	 pathophysiological	
condition	which	 has	 profound	 effects	 on	 the	 cellular	 transcriptome.	 Generally,	 it	 is	
characterized	by	a	reduced	oxygen	availability	(below	2%),	whereas	severe	hypoxia	or	
“anoxia”	 by	 O2	 levels	 below	 0.02%,	 to	 either	 cells,	 tissues	 or	 organs	 in	 the	 body	








	 In	 all	 organisms,	 including	 vertebrates,	 homeostasis	 is	 the	 state	 of	 optimal	
internal,	physical	and	chemical	conditions,	which	is	maintained	by	several	regulatory	








rapidly	 coordinate	 a	 series	 of	 metabolic	 changes	 (i.e.	 from	 aerobic	 to	 anaerobic	
metabolism)	 that	 enable	 the	 body	 to	 prevent	 both	 metabolic	 shutdown	 and	 death	






oxidative	 phosphorylation,	 augmented	 lactate	 production	 and	 elicits	 an	 excessive	









































Consequently,	 assuring	oxygen	homeostasis	 is	 a	 critical	 task	 that	must	be	precisely	
managed	by	cells	in	order	to	perform	correctly	and	survive	in	a	hostile	environment	
(Semenza,	2011b).		
	 In	 mammalian	 cells,	 this	 is	 primarily	 carried	 out	 by	 the	 Hypoxia-Inducible	
Factors	 (HIFs)	 which	 are	 a	 family	 of	 transcription	 factors	 that	 react	 both	 to	
environmental	oxygen	and	cellular	energy	alterations	(i.e.	hypoxia)	(Semenza,	2001).	
HIFs	 are	 obligate	 heterodimers	 consisting	 of	 an	O2-labile	 α-subunit	 and	 a	 stable	 β-
subunit	(also	known	as	aryl	hydrocarbon	receptor	nuclear	translocator	or	ARNT).	Both	
HIF	 alpha	 and	 beta	 subunits	 are	 expressed	 in	 the	 cytoplasm.	However,	whilst	HIF-












and	 targeted	by	 the	Von	Hippel	Lindau	protein	 (pVHL),	which	acts	as	 the	substrate	
recognition	 component	 of	 the	 E3-ubiquitin	 ligase	 complex.	 Of	 note,	 the	 latter	 is	
characterized	by	a	multiprotein	complex	which	consists	of	Elongin	B,	Elongin	C,	Ring-
box	 1	 and	 Cullin	 2	 (Iwai	 et	 al.,	 1999).	 Once	 this	 complex	 ubiquitinates	 the	 HIF-α	




protein	 (p300/CBP)	 and	 reduces	 the	 effectiveness	 of	 HIF	 transcriptional	 activation	
(Shay	and	Simon,	2012).	By	contrast,	the	presence	of	reduced	O2	levels	impairs	both	
PHD	and	FIH	enzymatic	activity	and	 leads	 to	HIF-α	 stabilization.	As	a	 consequence,	
pVHL	is	no	more	able	to	recognize	and	target	HIF-a	to	proteasomal	degradation,	when	




involved	 in	 decreasing	 oxygen	 consumption	 and	 increasing	 oxygen	 and	 nutrient	
delivery	 (Nikolaus,	Fölscn	and	Schreiber,	2000).	 In	particular,	 this	occur	via	HIF-αb	
direct	recognition	and	binding	 to	hypoxia-response	elements	 (HREs).	The	 latter	are	
characterized	by	the	presence	of	a	consensus	sequence	G/ACGTG	located	within	the	





Importantly,	 the	 zebrafish	 (Danio	 rerio)	 has	 proved	 to	 be	 a	 very	 informative	 and	
genetically	 tractable	 organism	 for	 studying	 hypoxia	 and	 HIF	 pathway	 both	 in	
physiological	and	pathophysiological	conditions.	(C.	E.	Robertson	et	al.,	2014;	Vettori	
et	al.,	 2017)	 In	 the	next	 subchapter,	 I	will	describe	 the	main	oxygen	sensing,	 signal	






























Figure	 1.1	Oxygen-dependent	 post-translational	 regulation	 of	 HIF-α	 subunit.	 Under	 normoxic	
conditions,	the	prolyl	hydroxylase	3	(PHD3)	hydroxylates	HIF-α	subunit	on	two	specific	prolyl	residues	
within	 the	 oxygen	 dependent	 degradation	 domain	 (ODD).	 In	 turn,	 VHL	 recognizes	 and	 binds	 to	































	 Within	 the	HIF	pathway,	 the	 prolyl-hydroxylase	domain	 containing	 enzymes	
(PHDs)	together	with	the	asparagine	hydroxylase	factor	inhibiting	HIF	(FIH),	are	the	
main	molecular	oxygen	sensors	(Schofield	and	Ratcliffe,	2004;	Walmsley	et	al.,	2011;	
Place	 et	 al.,	 2013;	 Ivan	 and	 Kaelin		 Jr,	 2017).	 There	 are	 three	 different	 prolyl-
hydroxylases	 (PHD1-3)	 which	 hydroxylate	 HIF-a	 subunits	 on	 two	 specific	 proline	
residues	 (Epstein	 et	 al.,	 2001;	 Kaelin	 and	 Ratcliffe,	 2008).	 Among	 them,	 PHD2	 has	
proven	to	be	the	main	mediator	of	HIF-1α	hydroxylation,	whereas	both	PHD’s	1	and	3	
























hypoxic	 conditions.	 This	 allows	 the	 cell	 to	 further	 activate	 the	 HIF	 transcriptional	
response	only	when	needed.		
	 Another	 level	 of	 complexity	 in	 the	 regulation	 of	 the	 hypoxic	 response	 is	
represented	by	the	fact	that	both	FIH	and	PHDs	are	dioxygenases	requiring	O2,	ferrous	
iron	 (Fe2+),	 2-oxoglutarate	 and	 ascorbate,	 as	 co-substrates,	 in	 order	 to	 hydroxylate		
HIF-α	(Siddiq,	Aminova	and	Ratan,	2007).	In	this	regard,	ferrous	iron	is	essential	for	
the	enzyme	 to	be	assembled	 into	 its	 active	 conformation,	 since	prolyl	hydroxylases	
contain	Fe2+	in	their	hydrophobic	active	centre.	In	addition,	O2	binding	event	requires	














and	 asparagyl	 hydroxylation	 of	 the	 HIF-α	 subunits,	 which	 in	 normoxic	 conditions	
contribute	to	HIF	inactivation.	By	contrast,	in	hypoxia	the	lack	of	molecular	O2	avoids	
these	 oxygen	 sensors	 to	 act	 on	HIF-α,	 allowing	 the	 cytoplasmic	 stabilization	 of	 the	
latter.	Finally,	not	only	O2	concentration,	but	also	multiple	mitochondrial	products	can	





environment	 consists	 in	 the	 orchestration	 a	 transcriptional	 program	 based	 on	 the	
upregulation	of	HIF-dependent	target	genes,	which	code	for	proteins	that	are	involved	
in	 restoring	 and	promoting	 energy	homeostasis	 (i.e.	 VEGF,	GLUT1,	EPO,	PHD3	etc.)	
(Schofield	and	Ratcliffe,	2004;	Semenza,	2011a;	Moniz,	Biddlestone	and	Rocha,	2014).		
	 In	 this	 regard,	 HIFs	 are	 evolutionarily	 conserved	 heterodimeric	 proteins,	








	 As	 also	 illustrated	 in	 figure	 1.2,	 	 both	 subunits	 are	 bHLH/PAS	 transcription	
factors		containing	transactivation	domains	(TADs)	(Webb,	Coleman	and	Pugh,	2009).	









	 Another	 important	 difference	 among	 HIF	 isoforms	 regards	 their	 expression	













tends	 to	 occupy	 more	 binding	 sites	 than	 HIF-2α,	 which	 instead	 engages	 a	 smaller	
subset	of	them	(Schödel	et	al.,	2011).	By	contrast,	HIF-3α	was	shown	to	have	multiple	
variants	in	human,	which	can	either	inhibit	or	activate	the	transcription	of	target	genes,	




transcriptional	 targets	 and	 cooperate	 in	 reprogramming	 metabolic	 pathways	 to	
generate	 cellular	 energy	especially	 under	 different	 hypoxic	 conditions	 (Raval	 et	 al.,	
2005;	Koh	and	Powis,	2012;	Shay	and	Simon,	2012;	Suzuki	et	al.,	2014).	Interestingly,	
although	 both	 HIF-1	 and	 HIF-2	 bind	 to	 the	 same	 HRE	 consensus	 sequence	 in	 the	
regulatory	regions	of	target	genes,	the	DNA	binding	does	not	necessarily	correspond	







switches,	which	 can	directly	 change	HIF-α	 isoform	dependency.	 Indeed,	 it	has	been	






2010;	 Koh	 and	 Powis,	 2012).	 The	 temporal	 regulation	 of	 HIF-1/2α	 is	 primarily	
mediated	 by	 the	 oxygen	 dependent	 hydroxylases	 which	 differently	 regulate	 HIF-α	
isoforms	stability	and	activity.	In	this	regard,	PHD2	preferentially	interact	with	HIF-1α	





HIF-2α)	 mRNA	 is	 destabilized	 under	 prolonged	 hypoxia,	 due	 to	 HIF-dependent	
expression	of	HIF-1α	antisense	RNA	(Uchida	et	al.,	2004).	



















likely	 to	 impact	on	 the	 transcription	of	 a	much	 larger	 set	 of	 genes.	These	data	 also	
highlighted	 that	 the	 regulation	 of	 hypoxia-inducible	 genes	 may	 occur	 even	 via	
interactions	 with	 other	 transcription	 factors	 through	 still	 unknown	 mechanisms.	
Moreover,	several	studies	have	reported	a	differential	regulation	of	specific	HIF	target	
genes	performed	by	HIF-1α	and	HIF-2α	(Elvert	et	al.,	2003;	Covello	and	Simon,	2004;	
Warnecke	 et	 al.,	 2004;	 Raval	 et	 al.,	 2005;	 Scortegagna	 et	 al.,	 2005;	 Holmquist-





	 Finally,	 the	universal	 importance	of	HIFs	proteins	has	been	demonstrated	by	
the	 ubiquitous	 expression	 of	HIF-1α	 and	HIF-1β	 in	 almost	 all	 adult	 and	 embryonic	
mouse	and	human	tissues.	Furthermore,	the	fact	that	several	functional	knock-down	
studies	 in	mice	have	often	 led	 to	premature	mortality	 and/or	 abnormal	physiology	
























As	 previously	 stated,	 pVHL	 controls	 HIF-α	 stability	 and	 consequently	 negatively	
regulates	 the	 activation	 of	 the	 HIF	 response	 under	 normoxic	 conditions.	 Since	 HIF	
activity	elicits	a	potent	transcriptional	response,	HIF-α	stability	is	a	process	that	must	
be	 finely	 regulated.	 In	 the	 cells,	 this	 is	 achieved	by	 a	 specific	multiprotein	 complex	
driven	by	VHL.		





proteasome	 (Kallio	 et	 al.,	 1999).	 By	 doing	 so,	 cells	 ensure	 that	 HIF-α	 is	 constantly	
degraded	in	the	cytoplasm	under	normoxic	conditions.		
	 pVHL	 is	 also	 involved	 in	 the	 termination	 of	 the	 HIF	 response	 after	
reoxygenation	upon	hypoxia.	In	addition,	it	can	be	present	in	the	nucleus	where	it	has	




plays	 a	 pivotal	 role	 in	 the	 regulation	 of	 cellular	 oxygen	 availability	 by	 stimulating	
erythropoiesis,	angiogenesis	and	metabolism	through	anaerobic	glycolysis,	it	can	tune	
and	interact	with	several	other	signalling	pathways	in	ways	that	are	still	unknown.		
	 Moreover,	 even	 if	 pVHL	 is	 well-known	 to	 be	 the	 key	 regulator	 of	 the	 HIF	
signalling,	 it	 has	 been	 shown	 to	 have	 numerous	 additional	 HIF-independent	 roles.	








to	 the	 development	 of	 familial	 VHL	 disease	 and	 of	 sporadic	 clear	 cell	 renal	 cell	
carcinoma	 (ccRCC)	 forms	 (Nyhan,	 O’Sullivan	 and	 McKenna,	 2008).	 In	 this	 regard,	
people	affected	by	VHL	disease	are	heterozygous	for	wide	range	of	mutations	at	the	
level	 of	 this	 gene,	which	makes	 them	more	 susceptible	 to	 develop	 cysts	 and	highly	
vascularized	 tumors	 following	 the	 loss	 of	 heterozygosity.	 Moreover,	 the	 form	 and	
severity	 of	 the	 disease	 may	 vary	 according	 to	 both	 the	 location	 and	 the	 type	 of	





	 The	 role	 of	 VHL	 in	 assuring	 homeostasis	 has	 been	 demonstrated	 is	 several	
studies.	 Among	 those,	 Vhl	 knock-out	 studies	 performed	 in	 mice	 resulted	 in	
haemorrhages	and	defects	in	placental	vascularisation	which	bring	to	embryonic	death	
at	 around	 10	 embryonic	 days	 (Gnarra	 et	 al.,	 1997).	 By	 contrast,	 despite	 the	 early	
lethality	 in	Vhlh	knockout	mice,	 studies	performed	on	zebrafish	vhl	mutants	 showed	







Interestingly,	 despite	 other	 VHL	 disease	 forms	 characterized	 by	 a	 heterozygous	
mutation,	Chuvash	polycythaemia	is	mostly	caused	by		a	homozygous	R200W	mutation	
located	at	the	C-terminus	of	the	gene.	Interestingly,	this	results	in	an	exacerbated	HIF	
response	 followed	 by	 the	 development	 of	 polycythaemia,	 peripheral	 thrombosis,	
haemangiomas	 and	 in	 an	 increased	 vascular	 tone,	 but	 not	 hemangioblastomas,	
pheochromocytoma	 or	 ccRCC	 (Gordeuk	 et	 al.,	 2004;	 Smith	 et	 al.,	 2006).	 This	








pathway	which	makes	 the	 tumour	more	 resistant	 and	 able	 to	 cope	with	 a	 hypoxic	
scenario.	Consequently,	these	series	of	event	are	often	followed	by	the	expression	of	
growth	factors	that	leads	to	hypoxic	angiogenesis	(Semenza,	2012).			























	 At	 the	 same	 time,	 HIF	 pathway	 may	 act	 to	 increase	 oxygen	 delivery	 by	
stimulating	 erythrocyte	 production	 via	 up-regulation	 of	epo	and	 a	 series	 of	 iron-















by	 homozygous	 null	 mutation	 of	 the	 vhl	 gene.	 Previous	 work	 from	my	 laboratory	
focused	on	the	phenotypic	characterization	of	this	mutant,	established	a	linkage	among	









The	 HIF	 signalling	mediated	 activation	 of	 the	 inflammatory	 response	 is	 a	 complex	
mechanism,	which	is	characterized	by	the	simultaneous	activation	of	both	pathways	in	
several	pathological	circumstances	such	as	chronic	inflammation,	wounds	healing	and	
solid	 tumours	 (Safronova	 and	 Morita,	 2010).	 Here,	 hypoxia	 triggers	 NF-κβ	
stabilisation,	which	acts	as	a	master	regulator	of	the	inflammatory	and	anti-apoptotic	
response.	This	is	achieved,	as	for	HIF-a,	via	the	oxygen	dependent	inhibition	of	prolyl	
hydroxylase	 activity.	 Then,	 this	 triggers	 the	 decrease	 in	 IκB	 kinase	 beta	 (IKKβ)	





HIF-1α	pathway	activation	was	observed	 to	delay	neutrophil	 resolution	 (Elks	et	al.,	
2011).	 This	 is	 believed	 to	 occur	 as	 a	 consequence	 of	 HIF	 activation	 inside	 the	
neutrophils	themselves	and	seems	to	be	related	to	an	augmented	neutrophil	apoptosis	
rate	 coupled	 to	 a	 decreased	 trafficking	 away	 from	 the	 comorbid	 site	 (Schild	 et	 al.,	
2020).		
	 Importantly,	 even	 if	 hypoxia	 is	 a	 pro-inflammatory	 event,	 previous	 studies	
showed	 links	between	 the	 anti-inflammatory	 and	GC	 responses.	 In	 this	 regard,	GCs		
have	 been	 observed,	 primarily	 in	 vitro,	 to	 both	 potentiate	 and	 inhibit	HIF	 pathway	
activation	(Basu	et	al.,	2002;	Kodama	et	al.,	2003;	Leonard	et	al.,	2005;	Wagner	et	al.,	
2008;	 Sun	et	 al.,	 2010).	 In	 a	 similar	way,	 hypoxia	has	been	 shown	 to	 attenuate	 the	
glucocorticoid	 anti-inflammatory	 response	 and	 to	 elicit	 corticosteroid	 insensitive	
inflammation	(Charron	et	al.,	2009;	Huang	et	al.,	2009).	It	is	also	important	to	note	that	
despite	 hypoxia	 is	 pro-inflammatory,	 it	 can	 positively	 interact	 with	 pathways	with	
apparently	opposite	effects.		
	 From	these	data	it	has	become	clear	that	the	HIF-GC	crosstalk	is	complex	and	
still	unclear	and	most	 likely	reflects	a	context-specific	activity	of	 the	 transcriptional	
regulators	in	the	tissue	microenvironment.	In	particular,	 it	 is	still	unknown	how	the	














at	 the	 level	 of	 the	 adrenal	 cortex	 and	 their	 steroidal	 structure.	 In	 particular,	 GCs	
represent	 a	 well-known	 class	 of	 lipophilic	 steroid	 hormones	 synthetized,	 with	 a	
circadian	 rhythm,	 by	 the	 adrenal	 glands	 in	 humans	 and	 by	 the	 interrenal	 tissue	 in	
teleosts.	 The	 GC	 circadian	 production	 in	 teleosts	 is	 tuned	 by	 the	 hypothalamic-
pituitary-interrenal	 (HPI)	 axis,	 which	 is	 the	 equivalent	 of	 the	 mammalian	
hypothalamus-pituitary-adrenal	 (HPA)	axis.	Both	are	essential	 for	 stress	adaptation	
(Alsop	and	Vijayan,	2009;	Griffiths	et	al.,	2012;	Tokarz	et	al.,	2013;	Faught	and	Vijayan,	
2018a).	




inflammatory	 action,	 synthetic	 GCs	 has	 been	 broadly	 used	 for	 the	 treatment	 of	
pathological	 disorders	 that	 are	 linked	 to	 hypoxia,	 including	 rheumatoid	 arthritis,	
inflammatory,	 allergic,	 infectious,	 autoimmune	 diseases	 as	 well	 as	 to	 prevent	 graft	
rejections	and	against	immune	system	malignancies	(Nikolaus,	Fölscn	and	Schreiber,	
2000;	 Neeck,	 Renkawitz	 and	 Eggert,	 2002;	 Chrousos	 and	 Kino,	 2005;	 Revollo	 and	
Cidlowski,	 2009;	 Busillo	 and	 Cidlowski,	 2013).	 However,	 due	 to	 the	 presence	 of	
adverse	 effects	 (Moghadam-Kia	 and	 Werth,	 2010)	 and	 GC	 resistance	 (Barnes	 and	













are	 usually	 adaptive,	 their	 abnormal	 activity	 may	 contribute	 to	 a	 series	 of	 acute	
metabolic	 diseases	 which	 includes	 insulin	 resistance,	 obesity	 and	 type	 2	 diabetes	
(Smith	and	Vale,	2006;	de	Guia	et	al.,	2014).	Thus,	furthering	the	research	on	how	they	






















internal	 and	 external	 signals.	 In	 particular,	 in	 mammals,	 neurons	 localized	 in	 the	
paraventricular	 nucleus	 synthesize	 both	 corticotropin-releasing	 factor	 (CRF)	 and	
arginine	vasopressin	(AVP)	which	are	released	 into	hypophyseal	portal	vessels	 that	
access	 the	 anterior	 pituitary	 gland.	 On	 the	 other	 hand,	 in	 teleosts	 there	 is	 a	 direct	
neuronal	connection	to	endocrine	cells	through	the	hypophyseal	stalk,	since	they	lack	
a	 portal	 system	 between	 the	 hypothalamus	 and	 the	 pituitary	 gland	 (Schmidt	 and	
Braunbeck,	 2011).	 Here,	 CRF	 binding	 to	 its	 receptor	 localized	 on	 pituitary	
corticotropes	 triggers	 the	 release	 of	 adrenocorticotropic	 hormone	 (ACTH)	 into	 the	
systemic	circulation.	In	humans,	ACTH	derives	by	posttranslational	modification	of	the	


















at	 the	hypothalamic	 and	anterior	pituitary	 levels,	where	 they	 inhibit	 both	CRH	and	





































from	 the	outer	 to	 the	 inner	membrane	of	mitochondria,	which	 is	performed	by	 the	
steroidogenic	acute	regulatory	protein	(StAR)	(Lin	et	al.,	1995;	Stocco	and	Clark,	1996).	
Upon	 delivery,	 cholesterol	 is	 converted	 to	 pregnenolone	 by	 cytochrome	 P450	
cholesterol	 side-chain	 cleavage	 (P450scc)	 enzymatic	 activity,	 encoded	 by	 CYP11a1.	
Then,	 pregnenolone	 can	 be	 transformed	 either	 into	 progesterone	 by	 the	 3β-
hydroxysteroid	 dehydrogenase/Δ5-Δ4	 isomerase,	 encoded	 by	 3β-HSD,	 or	
hydroxylated	 into	 17α-hydroxyprogesterone	by	 cytochrome	P450	17α-hydroxylase,	
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Figure	 1.3.	 The	 HPA/I	 axis.	 In	 response	 to	
stressors,	 hypothalamic	 neurons	 release	
Corticotropin-releasing	 factor	 (CRF)	 and	
Arginine	 vasopressin	 (AVP),	which	 in	 turn	 acts	
on	 the	 anterior	 pituitary	 gland	 to	 enhance	 the	
biosynthesis	 and	 release	 of	 the	
adrenocorticotrophic	 hormone	 (ACTH)	 into	 the	
blood	circulation.	The	latter,	synthetized	by	post-
translational	modification	of	protein	encoded	by	
proopiomelanocortin	 gene	 (POMC),	 upon	
binding	 to	 the	melanocortin	2	 receptor	 (MC2R)	
on	the	steroidogenic	cells	of	the	adrenal	glands,	
orchestrates	a	signal	transduction	pathway	that	
finally	 leads	 to	 GCs	 biosynthesis	 and	 secretion	
into	 the	 bloodstream.	 Then,	 following	 acute	
stress,	 the	 system	 turns	 itself	 off	 by	 way	 of	 a	
negative	 feedback	 loop,	 wherein	 the	 receipt	 of	
cortisol	in	the	hypothalamus	and	pituitary	gland,	







their	 lipophilic	 nature.	 However,	 their	 biological	 availability	 within	 the	 cells	 is	
regulated	by	 two	 enzymes	which	work	 in	 an	opposite	 fashion:	 11b-Hydroxysteroid	








protein-70	 kD	 (HSP70),	 p59	 immunophilin,	 Fkbp51	 and	 Fkbp52	 and	 the	 small	 p23	
phosphoprotein	 allow	 to	 maintain	 the	 correct	 GR’s	 protein	 folding	 (Schoneveld,	
Gaemers	and	Lamers,	2004;	R.	Oakley,	2013;	Spiga	et	al.,	2014).		
	 The	GR,	which	belongs	 to	 the	nuclear	 receptor	 transcription	 factor	 family,	 is	
composed	 of	 different	 conserved	 structural	 elements.	 These	 include	 a	 N-terminal	
variable	region,	required	for	 ligand-independent	gene	transactivation,	 followed	by	a	
central	 zinc-finger-containing	 DNA-binding	 domain,	 an	 adjacent	 hinge	 region	
containing	nuclear	 localization	signals	and	a	C-terminal	 ligand-binding	domain.	The	
latter	also	includes	residues	essential	for	dimerization	and	hormone-dependent	gene	
transactivation.	 Of	 note,	 the	 interaction	 between	 GR	 and	 HSP90	 is	 fundamental	 to	





Figure	1.4.	Representative	 figure	 of	 the	GR’s	 domains	 structure.	 The	N-terminal	 domain	 (NTD)	
















protein	 interactions	with	 other	 transcriptional	 regulators	 and/or	 kinases	 (i.e.	 basal	
transcription	machinery	(BTM);	phosphoinositide	3-kinase	(PI3K);	signal	transducer	
and	 activator	 of	 transcription	 (STAT))	 (Reichardt	 et	 al.,	 1998;	 Prager	 and	 Johnson,	
2009;	Groeneweg	et	al.,	2011;	de	Guia	et	al.,	2014)	(figure	1.5).	
	 Inside	 the	 cell	 nucleus,	 GC-GR	 complexes	 directly	 binds	 to	 specific	 GREs,	 as	
tetramers,	 in	order	 to	 regulate	 the	 transcription	of	 target	genes.	Generally,	 the	GRE	
GGAACAnnnTGTTCT	is	an	imperfect	palindromic	consensus	sequence	that	consists	of	
two	6	bp	half	sites.	Moreover,	the	three	nucleotides	spacing	in-between	the	two	half	











	 Consequently,	 these	 findings	 indicate	that	 the	broadly	different	GC	effects	on	
various	 tissues	 can	 be	 partially	 ascribed	 to	 cell	 type-specific	 differences	 in	 the	
chromatin	 landscape	 that	 affects	 the	 accessibility	 of	 specific	 GREs	 for	 GR	 binding	
(Ramamoorthy	 and	Cidlowski,	 2013;	 Escoter-Torres	 et	 al.,	 2019).	 Furthermore,	 the	









smaller	 concentrations	 than	 those	 required	 to	 activate	 the	 GR,	 bind	 to	 MRs	 and	
enhance	 the	 activity	 of	 several	 kinases	 involved	 in	 different	 signal	 transduction	





	 In	mammals,	 the	mineralocorticoid	system	 is	essential	 to	regulate	potassium	
and	 fluid	homeostasis	upon	aldosterone	activation	of	MR.	Even	 though	 cortisol	 is	 a	
high-affinity	ligand	for	MR,	this	steroid	is	deactivated	in	MR-specific	tissues	by	the	11b-
hydroxysteroid	dehydrogenase	type	2	enzymatic	activity.	This	allows	aldosterone,	a	
second	 corticosteroid	 present	 in	 mammals,	 to	 bind	 to	 this	 receptor.	 Importantly,	
teleosts	do	not	synthesize	aldosterone	and	cortisol	have	been	shown	to	mediate	the	





not	 been	 defined	 yet	 in	 ray-finned	 fish.	 Interestingly	 a	 recent	 in	 vivo	 study	 on	MR	



















































































































































































































































































































































crosstalk	between	different	peripheral	organs	and	 the	 central	nervous	 system	(Coll	
and	Yeo,	2013;	de	Guia	et	al.,	2014).	Among	these,	the	liver	represents	the	main	organ	
in	the	body	involved	in	controlling	the	mammalian	glucose	and	lipid	homeostasis	(van	
den	 Berghe,	 1991;	 Vegiopoulos	 and	 Herzig,	 2007).	 Its	 primary	 activities	 are	




to	protein	 and	 sugar	homeostasis	 (Yu	et	 al.,	 2010;	Murani	et	 al.,	 2019;	Wang	et	 al.,	
2019).	 In	 particular,	 GR	 functionally	 interacts	 with	 other	 transcription	 factors	 to	
control	specific	genetic	networks	(Le	et	al.,	2005),	among	which	only	a	small	amount	
has	 been	 characterized	 in	 detail	 so	 far.	 In	 addition,	 GCs	 exert	 their	 functions	 by	






6-phosphatase	 (G6PC),	 pyruvate	 carboxylase	 (PC),	 phosphoenolpyruvate	
carboxykinase	 1	 (PCK1),	 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase	
(PFKB),	fructose-1,6-bisphosphatase	1	(FBP1)	and	Solute	Carrier	Family	37	Member	4	
(SLC37A4).	The	G6pc,	Pck1,	and	Pfkb1	GREs	have	been	defined	and	the	mechanism	of	







Rafacho	 et	 al.,	 2014).	 Overall,	 the	 physiological	 GCs	 response	 that	 tunes	 glucose	





(Schoneveld,	 Gaemers	 and	 Lamers,	 2004)	 (figure	 1.5).	 Among	 these,	 the	 negative	
regulation	 of	 gene	 transcription	 may	 occur	 via	 both	 genomic	 and	 non-genomic	
mechanisms.	In	particular,	this	inhibitory	effect	played	by	the	GC-GR	active	complex	on	
other	 transcription	 factors’	 function	 constitutes	 the	 GC	 anti-inflammatory	 way	 of	
action	(Stellato,	2004).		 	
	 In	 this	 regard,	 trans-repression	 mainly	 occurs	 via	 direct	 binding	 between	
monomeric	 GC-GR	 complex	and	 transcription	 factors	 (i.e.	 NF-kB,	 c-Jun,	 and	 c-Fos)	
activated	 by	cytokines	and	 other	 pro-inflammatory	 stimuli,	 which	 synergistically	
coordinate	 the	 expression	 of	 several	 proinflammatory	 genes	 (Davies,	 Ning	 and	
Sánchez,	2005;	Nicolaides	et	al.,	2015).	As	a	result,	 the	mutual	antagonism	between	
transcription	factors	impairs	their	transcriptional	properties	and	prevents	them	from	
binding	 to	 their	 corresponding	DNA	 response	 elements.	An	 additional	GC-mediated	
anti-inflammatory	mechanism	consists	of	increasing	the	transcription	of	I-kB	which,	in	
turn,	may	repress	NF-KappaB	by	favouring	its	retention	in	the	cytoplasm	(Li,	Wang	and	




synthesizing	 enzymes	and	adhesion	molecules.	 Contrary	 to	 expectations,	GR	 loss	of	
function	was	speculated	by	Facchinello	and	co-workers	to	prevent	the	transcriptional	
activity	 linked	 to	 the	 immune	 response	 (i.e.	 of	 cytokines	 Il6,	 Il1β,	 Il8	 and	Mmp-13)	




2019).	 Finally,	 studies	 also	 demonstrated	 that	 GCs	 increase	 the	 transcription	 of	
numerous	anti-inflammatory	molecules	such	as	interleukin-10	(IL-10),	interleukin-1	



















The	 modulation	 of	 the	 HIF	 pathway	 has	 the	 potential	 to	 be	 clinically	 exploited	 as	
therapeutic	treatment	for	a	variety	of	pathological	conditions	which	includes	stroke,	
ischemia,	 spinal	 cord	 injury,	 inflammation,	 cancer,	wounding,	 chronic	 anaemia	 and	
bone	regeneration	(Bernhardt	et	al.,	2006;	Shen	et	al.,	2009;	Shi	et	al.,	2010;	Wan	et	al.,	
2008;	Ratan	et	al.,	2008	Semenza	2003,2009,2015).		
	 To	 this	 end,	 in	 the	 last	 years,	 an	unbiased	 chemical	 screen	performed	 in	my	
laboratory	on	zebrafish	larvae	allowed	to	discover	that	HIF	associated	transcriptional	
responses	are	potently	activated	by	GC,	particularly	in	the	zebrafish	liver	(Vettori	et	al.,	
2017).	 Moreover,	 by	 translating	 these	 observations	 to	 human	 tissues,	 it	 has	 been	
possible	to	show	that	GCs	are	able	to	promote	HIF	stabilization,	without	the	need	of	the	
GR	DNA	binding	 domain	 (non-genomic	 action),	 in	 primary	 human	hepatocytes	 and	
intact	liver	slices.	In	this	regard,	since	c-src	inhibitor	PP2	treatment	was	able	to	rescue	
this	 effect,	 this	 suggested	 a	 role	 for	 GCs	 in	 promoting	 c-src–mediated	 proteasomal	
degradation	of	pVHL,	followed	by	stabilization	of	HIF-a	subunit	(Vettori	et	al.,	2017).		
	 According	 to	 these	 data,	 since	 the	 liver	 is	 an	 important	 regulator	 of	 blood	
glucose	levels,	and	both	GCs	and	HIF	promote	gluconeogenesis	and	glycogen	storage	in	
the	 liver,	 furthering	 the	 knowledge	 on	 the	 crosstalk	 between	 these	 transcriptional	
regulators	may	provide	an	explanation	for	the	GC	effects	on	glucose	metabolism	and	
may	 have	 a	 wider	 physiological	 significance	 in	 health	 and	 disease	 than	 previously	
expected.		
	 Indeed,	both	GCs	and	hypoxic	transcriptional	responses	are	mutually	involved	







treating	 pathological	 conditions	where	 hypoxia	 plays	 a	 role	 in	 disease	 progression	







hepatic	 ischemic/reperfusion	 injury	 (Dardzinski	et	 al.,	 2000;	 Limbourg	et	 al.,	 2002;	
Glanemann	et	al.,	2004;	Tokudome	et	al.,	2009).		
	 The	 presence	 of	 an	 interplay	 between	 hypoxia	 and	 GC	 dependent	 signalling	





	 The	 first	 data	 about	 the	 interaction	 between	 HIF	 and	 GR	was	 presented	 by	
Kodama	et	al.	2003	(Kodama	et	al.,	2003).	By	exploiting	an	artificial	approach	using	
Gal4-fusion	 reporter	 assays,	 they	 found	 that	 the	 ligand-dependent	 activation	 of	 GR	
increases	hypoxia-dependent	gene	expression	and	hypoxia	response	element	(HRE)	





nucleus.	 For	 this	 reason,	Kodama	et	 al.	 postulated	 the	presence	of	 a	direct	protein-
protein	interaction	between	the	GR	LBD	and	HIF-1a	as	the	main	mechanism	for	GC-
dependent	 enhancement	 of	HIF	pathway,	 but	 failed	 to	demonstrate	 it	 via	GST	pull-
down	assays.		
	 Leonard	 et	 al.	 2005	 (Leonard	 et	 al.,	 2005),	 subsequently	 confirmed	 	 via	
microarray	analysis	that	GR	is	upregulated	by	hypoxia	in	human	renal	proximal	tubular	
epithelial	 cells.	 Moreover,	 using	 a	 cell-based	 GRE	 luciferase	 reporter	 system,	 they	





a	HIF-1α	dependent	way.	Finally,	even	 if	 this	was	confirmed	by	 transfecting	AtT-20	
cells		with	HIF-1α	siRNA	and	culturing	them	under	normoxia	or	hypoxic	conditions,	the	
involved	underlying	mechanism	remains	unclear.	
	 By	 contrast,	 a	 dexamethasone-related	 inhibition	 of	 HIF-1α	 target	 genes	
expression	in	hypoxic	HEPG2	cells	was	revealed	by	Wagner	et	al.	2008	(Wagner	et	al.,	
2008).	 In	 particular,	 via	 western	 blot	 analysis	 they	 showed	 that	 dexamethasone	
reduces	 nuclear	 HIF-1a	 protein	 as	 the	 HIF-1a	 amount	 was	 higher	 in	 cytosolic	 cell	
extracts	than	in	the	nuclear	extracts	upon	DEX	treatment.	This	cytoplasmic	retention	
of	 HIF-1a	 suggested	 a	 blockage	 of	 nuclear	 import,	 via	 a	 still	 unknown	mechanism,	
which	 resulted	 in	 a	 reduced	HIF	 target	 gene	 expression.	Moreover,	 by	 exploiting	 a	
luciferase	assay	the	author	revealed	that	dexamethasone	attenuates	HIF-1	activity	not	
only	 in	 a	 GR-	 dependent	way,	 but	 also	 that	 this	 effect	 depends	 on	 the	 presence	 of	
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The	 zebrafish	 (Danio	 rerio)	 has	 been	 shown	 to	 be	 an	 exemplary	 informative	 and	
genetically	modifiable	 organism	 for	 studying	 both	HIF	 and	GC	pathway	not	 only	 in	
physiological,	but	also	in	pathophysiological	conditions	(M.J.M.	Schaaf,	Chatzopoulou	
and	 Spaink,	 2009;	 van	Rooijen	et	 al.,	 2011;	 Santhakumar	et	 al.,	 2012;	Vettori	et	 al.,	
2017).	 In	 particular	 the	 short	 generation	 time,	 transparency,	 anatomical	 simplicity,	





mutagenesis	 technology	 (Hruscha	 et	 al.,	 2013;	 Varshney	 et	 al.,	 2015;	 Burger	 et	 al.,	
2016;	Wu	et	al.,	2018).		
	 Taking	 into	 account	 these	 undeniable	 advantages,	 this	 model	 organism	 has	
become	more	frequently	used	especially	in	the	hypoxic	and	stress	science	field	(M.J.M.	
Schaaf,	Chatzopoulou	and	Spaink,	2009;	Löhr	and	Hammerschmidt,	2011;	van	Rooijen	




signalling	pathways	 interact	with	 each	other	 in	 a	more	 complete	way	 than	 in	 vitro,	
where	interactions	among	different	tissues	and	cell	types	cannot	be	easily	modelled.		
	 Importantly,	 zebrafish	 share	all	 the	components	of	 the	human	HIF	signalling	






GC	 hormone	 (Weger	 et	 al.,	 2016).	 In	 addition,	 unlike	 other	 teleosts	 which	 have	
additional	 GR	 paralogs,	 zebrafish	 have	 only	 a	 single	 glucocorticoid	 (zGr)	 and	





























signalling	 pathways	 has	 been	 previously	 indicated	 in	 different	 in	 vitro	 studies.	 In	
addition,	 synthetic	 GCs	 (i.e.	 betamethasone	 and	 dexamethasone),	 which	 are	 the	
equivalent	of	naturally	present	steroid	hormones,	have	been	broadly	used	for	decades	
as	 anti-inflammatory	medications	 for	 treating	 pathological	 conditions	 associated	 to	
hypoxia	(i.e.	ischemic	injury,	asthma,	rheumatoid	arthritis	etc.).	Nowadays,	thanks	to	
the	 available	 in	 vitro	 results,	 it	 has	 become	 evident	 that	 the	HIF-GC	 crosstalk	 is	 an	
intricate	 mechanism	 and	 might	 be	 cell-specific.	 For	 these	 reasons,	 furthering	 the	
knowledge	on	how	this	interplay	occurs	in	vivo	can	have	a	vast	physiological	relevance	
in	health	and	disease.	
	 To	 this	 end,	 previous	 chemical	 screens	 performed	 in	 my	 laboratory,	 using	




	 To	 test	 these	 hypotheses,	 I	 planned	 to	 exploit	 both	 a	 genetic	 and	
pharmacological	approach	to	modulate	these	two	pathways	during	the	first	120	hours	
post	fertilisation	of	zebrafish	embryos.	I	also	took	advantage	of	two	different	mutant	
lines	 I	 have	 generated	 during	my	 PhD,	 named	hif1βsh544	 (arnt1)	 and	grsh543	 (nr3c1)	
	
	 61	
respectively,	 together	 with	 an	 already	 existing	 vhlhu2117/+;phd3:eGFPi144/i144	 hypoxia	
reporter	line.	These	lines	were	required	to	investigate	the	effect	of	HIF	activity	on	GC	
signalling	and	vice	versa,	via	a	“gain-of-function/loss-of-function”	approach.	Molecular	
and	 phenotypic	 analyses	 of	 these	 mutants	 have	 been	 coupled	 to	 optical	 and	
fluorescence	microscope	imaging.	





quantify	 the	 phenotypic	 and	molecular	 outcomes,	 in	 terms	 of	 both	 phd3;eGFP	 and	
target	genes	expression.	In	a	similar	way,	to	investigate	the	role	of	HIF	on	GC	pathway,	
I	 set	 up	 to	 quantify	 both	 the	 expression	 of	 GC	 transcriptional	 activity	 and	 cortisol	
biosynthesis	in	the	presence	of	high	and	suppressed	HIF	activity,	respectively.	Finally,	






















staged	 according	 to	 standard	method	 (Kimmel	et	 al.,	 1995)	 for	 up	 to	5,2	days	post	
fertilisation	 (dpf)	 in	 accordance	 with	 UK	 Home	 Office	 legislation	 (licence	 number		















This	 fish	 line	 was	 incrossed	 to	 create	 homozygotes.	 In	 order	 to	 create	 the	
vhlhu2117/+;phd3:eGFPi144/i144	 line	 used	 in	 this	 project,	 the	Tg(phd3:eGFP)i144/i144	 line	
was	 originally	 crossed	with	 the	 vhlhu2117/+	 line.	When	 incrossed,	 these	 fish	 generate	
vhlhu2117/hu2117;phd3:eGFPi144/i144	 embryos	 (here	 referred	 to	 as	 vhl	 mutants)	 	 in		







The	 vhl;vll(phd3:eGFP)	 fish	 line	 used	 for	 this	 project	 was	 obtained	 by	 crossing	
vhlhu2117/+;	 phd3:eGFPi144/+	 into	 the	 vlli216/i216	 homozygous	 mutant	 line	 (van	 Eeden,	
unpublished).	 This	 fish	 strain	 can	 be	 incrossed	 to	 generate	















Two	 different	 gr	mutant	 lines	 were	 created	 via	 CRISPR/Cas9-based	 mutagenesis	
method	for	this	project:	grsh551/+	vhlhu2117/+;phd3:eGFPi144/+	 	and	grsh543/+	line.	The	first	
one,	 originally	 generated	 by	 Eleanor	 Markham	 (van	 Eeden	 laboratory)	 using	
vhlhu2117/+;phd3:eGFPi144/+	embryos	at	the	background,	carried	1bp	deletion	in	exon	2	of	













These	 fish	 lines	 were	 generated	 by	 crossing	 grsh543/+	 with	
hif1bsh544/+;vhlhu2117/+;phd3:eGFPi144/+	fish,	in	order	to	obtain	all	the	possible	genotype	










for	 the	DNA-binding	domain.	The	mutation	 is	a	T597fsX16	 that	causes	a	premature	
stop	codon	after	16	aa	at	aa	613	 in	 the	 translated	amino	acid	sequence	of	 the	DNA	
binding	domain.	The	F1	generation	was	identified	by	adult	tail-clipping	and	gr+/-;mr+/-	
























































However,	due	 to	 the	 inaccuracy	of	 the	 restriction	enzyme	activity,	digestion	 results	
were	often	difficult	to	interpret	in	the	right	way.	For	this	reason,	I	decided	to	improve	
this	 genotyping	 protocol	 by	 exploiting	 the	 dCAPS	 (derived	 Cleaved	 Amplified	







embryos.	 Primers	were	 designed	 to	 amplify	 a	 170	 bp	 region	 enclosing	 the	 original	
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BciVI	mutation	 site	 (primers	 listed	 on	Table	 2.1).	 PCR	products	were	 subsequently	
digested	at	37°C	for	at	least	4	hours	and	30	minutes	as	recommended	by	New	England	
Biolabs.	 The	 success	 of	 the	 reaction	was	 assessed	 via	 gel	 electrophoresis	 on	 a	 3%	
agarose	gel.	By	design,	two	bands	for	wild-types	(151	bp	and	an	undetectable	19	bp),	





















Primer	name	 Primer	sequence	 Stock	conc.	 Working	conc.	
vhl	forward	 TAAGGGCTTAGCGCATGTTC	 100	µM	 10	µM	
vhl	reverse	 CTATCTACGCGTTTAACTCG	 100	µM	 10	µM	
AccI	forward	 GGTCTCTGATCAGCCGTATA	 100	µM	 10	µM	
AccI	reverse	 GCATAATTTCACGAACCCACA	 100	µM	 10	µM	
BamHI	forward	 GGTCTCTGATCAGCCGGATC	 100	µM	 10	µM	
BamHI	reverse	 GCATAATTTCACGAACCCACA	 100	µM	 10	µM	
EcoRV	forward	 AGTCTAACTCGGTGGAAGCA	 100	µM	 10	µM	




To	 distinguish	 grsh551/+	 ;vhlhu2117/+	 heterozygous	 from	 WT	 embryos,	 a	 genotyping	
protocol	was	designed	in	order	to	identify	and	raise	only	heterozygous	adult	fish.	The	
mutation	 is	 an	 1bp	 deletion	 at	 the	 level	 of	 exon	 2	 of	nr3c1	 gene,	which	 causes	 the	
destruction	 of	 a	 BslI	 restriction	 site.	 Primers	 have	 been	 designed	 with	 Primer3	 to	
amplify	a	177	bp	DNA	sequence	surrounding	the	mutation	site	(primers	listed	on	Table	
2.2).	 PCR	product	 has	 been	 subsequently	 digested	using	BslI	 restriction	 enzyme	by	
incubating	 the	 digestion	mix	 at	 55°C	 overnight,	 as	 recommended	 by	 New	 England	
Biolabs.	The	success	of	the	reaction	was	assessed	via	electrophoresis	by	running	the	







Primer	name	 Primer	sequence	 Stock	concentration	 Working	solution	
grex2	forward	 GCAAAATGGATCAAGGAGGA	 100	µM	 10	µM	





























Primer	name	 Primer	sequence	 Stock	concentration	 Working	solution	
grex3	forward	 CCAAACTTTCAGGCAGCAGT	 100	µM	 10	µM	















As	 hif1b	 heterozygous	 were	 undistinguishable	 from	 hif1b 	 siblings	 a	 genotyping	





mutation	site	 (primers	 listed	on	Table	2.4).	PCR	products	were	 then	digested	using	






Primer	name	 Primer	sequence	 Stock	conc.	 Working	conc.	
hif1bex5	forward	 AGAGCTGTCGGATATGGTGC	 100	µM	 10	µM	



























Primer	name	 Primer	sequence	 Stock	conc.	 Working	conc.	
mrex3	forward	 GACCATGAGAACACCTGCAC	 100	µM	 10	µM	
















CRISPR/Cas9-based	 mutagenesis	 method	 is	 a	 ground-breaking	 technology	 which	
allows	the	introduction	of	a	mutation	at	the	level	of	a	specific	genomic	region	of	interest	
in	 a	 target	 gene.	 The	 system	 is	made	 up	 of	 two	 components:	 an	 RNA-guided	 DNA	
endonuclease	(Cas9)	and	a	single	guide	RNA	(gRNA),	specifically	designed	against	a	
target	sequence	within	the	genome.		
	 It	 takes	 inspiration	 from	 the	 adaptive	 immunity	 mechanism	 discovered	 in	
Streptococcus	 pyogenes	used	 to	 recognize,	 target	 and	 destroy	 exogenous	 DNA.	 In	 a	
similar	manner,	thanks	to	the	use	of	specifically	designed	gRNAs,	it	is	possible	to	form	




mutant	 lines,	 I	 co-injected	 in	 one-cell-stage	 zebrafish	 embryos	 a	 specific	 gRNA,	
designed	to	anneal	to	a	target	sequence	and	the	Cas9	protein,	as	described	by	Hruscha	
et	al.	2013.		As	a	consequence	of	that,	the	activated	homologous	recombination	(HR)	
















mutation	 (Oakley	and	Cidlowski,	2013).	 	 For	 these	 reasons,	 I	decided	 to	generate	a	



























§ 5x	Firepol	Master	Mix	 	 	 	 20	μl	
§ 10μM	guide-oligo	primer	for	 	 	 2,5	μl	
§ 10μM	guide-oligo	primer	rev	 	 	 2,5	μl	
§ 1μM	guide-oligo	 	 	 	 	 				2	μl	











Primer	name	 Primer	sequence	 Stock	conc.	 Working	conc.	
guide-oligo	primer	for	 AAAGCACCGACTCGGTGCCAC	 100	µM	 10	µM	




The	 resulting	 PCR	 product	 was	 run	 on	 a	 3%	 agarose	 gel,	 purified	 using	 a	 Qiagen	





§ 10x	T7	buffer		 	 	 	 	 2	μl	
§ ATP		 	 	 	 	 	 	 2	μl	
§ GTP		 	 	 	 	 	 	 2	μl	
§ CTP		 	 	 	 	 	 	 2	μl	
§ UTP		 	 	 	 	 	 	 2	μl	
§ template	DNA		 	 	 	 	 2	μl	
§ T7	Enzyme	mix		 	 	 	 	 2	μl	
§ milliQ	water	 	 	 	up	to	20	μl	of	final	volume	
	


















§ gRNA	(4.18	µg/µl)		 	 	 	 	 2.87	μl	
§ CAS9	protein	(NEB,	M0386,	20µM)		 	 0.5	μl	 	 	 	
§ Phenol	red		 	 	 	 	 	 0.5	μl	







Gene	 Target	sequence	 Restriction	site	 Restriction	enzyme	
grsh551	 GCTTGAGGAACCATAGATCC	 CCNN_NNN^NNGG	 BslI	
grsh543	 CCAGCTGACGATGTGGCAG	 CAG^CTG	 PvuII	
hif1bex2	 TTTGTTGGCTTTTTGCACCC	 CCNN_NNN^NNGG	 BslI	
hif1bsh544	 TCGGTGCTGGTGTTTCCAG	 GCNNNNN^NNGC	 MwoI	
hif1bsh544	 TGCGCAGGATAGTGAGTTT	 CCNN_NNN^NNGG	 BslI	
	










Zebrafish-based	 genetic	 screenings	 coupled	 to	 recent	 advances	 in	 reverse	 genetic	
approaches	 (i.e.	 CRISPR/Cas9	 method)	 represent	 powerful	 and	 efficient	 tools	 for	
probing	molecular	mechanisms	 governing	 vertebrate	 physiology,	 development	 and	
















































































































§ gRNA	(25	μM)		 	 	 	 	 0,5	μl	(each)	
§ Cas9	protein	(NEB,	M0386,	20	μM)		 	 0.5	μl	 	
§ tracrRNA	(100	μM)	 	 	 	 	 1	μl	
§ Phenol	red		 	 	 	 	 	 0.5	μl	
§ milliQ	water	 	 	 				up	to	5	μl	of	final	volume		
	
Finally,	1	nl	of	injection	mix	was	injected	in	each	embryo	and	they	were	then	raised	at	





To	 confirm	 the	 efficiency	 and	 the	 specificity	 of	 CRISPR/Cas9-based	 mutagenesis	
method,	I	chose	to	target	a	gene	which	is	not	involved	in	the	HIF	pathway.	In	particular,	
lamb1b	 was	 selected	 as	 CRISPR-injection	 control	 gene,	 whereas	
vhlhu2117/hu2117;phd3:eGFPi144/i144	 embryos	 were	 used	 as	 CRISPR-injection	 control	
samples.	 lamb1b	 is	 an	 extracellular	 matrix	 glycoprotein	 involved	 in	 a	 variety	 of	
biological	 processes	 which	 include	 cell	 adhesion,	 differentiation	 and	 migration.	
Notably,	since	it	has	been	reported	to	exhibit	tissue-specific	compensation,	it	is	not	able	
to	 generate	 any	 phenotype	 when	 mutated	 (Chris	 Derrick,	 Bateson	 Centre,	 TUoS,	
unpublished).	 For	 this	 reason,	 as	 lamb1b-injected	 vhl	 mutant	 embryos	 were	






§ 5x	Firepol	Master	Mix	 	 	 	 4	μl	
§ [10μM]	primer	for	 	 	 	 	 1	μl	
§ [10μM]	primer	rev	 	 	 	 	 1	μl	
§ DNA	 	 	 	 	 		 	 1,5	μl	

















was	used	 instead	of	TAE	 (Tris-Acetate-EDTA),	because	of	 its	buffering	 capacity	and	












































































Embryos	 to	 be	 analyzed	 were	 harvested,	 treated	 and	 fixed	 to	 allow	 the	 probe	 to	






untreated	 as	 control	 for	 24	 hours	 (Griffiths	 et	 al.,	 2012).	 Inside	 the	 6-well	 plates,	
embryos	were	incubated	in	3	ml	total	volume	of	E3	medium	without	methylene	blue.		







Whole	mount	in	 situ	hybridization	 is	 a	 common	 very	 informative	 approach	 used	 to	
detect	the	location	and	determine	the	expression	levels	of	target	mRNAs	in	zebrafish	
embryos.	 It	 is	 a	multi-step	 technique	 based	 on	 the	 hybridization	 of	 a	 synthetically	















































































































500	μl	 	 	 	 	
milliQ	water	





















the	 cDNA	 clone.	 Afterwards,	 the	 linearized	 DNA	 fragments	 were	 purified	 through	
phenol/chloroform	method	and	transcribed	into	antisense	RNA	probes,	as	follows:	
- Linearized	DNA		 	 	 	 	 1	μg	
- RNase	inhibitor		 	 	 	 	 0,5	μl	
- T7/SP6	RNA	Polymerase	 	 	 	 	2	μl	
- 5x	Transcription	buffer		 	 	 	 4	μl	
- 	10x	Dig-labelled	nucleotides	mix		 	 	 2	μl	






















pomca	 pCR	BluntII-TOPO	 SP6/XhoI	 Muthu	et	al.,	2016	
cyp17a2	 pGEM-T	Easy	Vector	 SP6/NcoI	 Eachus	et	al.,	2017	
ldha	 pCMV-SPORT	6.1	 T7/EcoRI	 van	Rooijen	H.	(van	Eeden	
lab)	




















PCRs,	 TaqMan-based	 reactions	 require	 double-stranded	 template	 and	 two	 fairly	
standard	target	specific	primers	to	work.	Indeed,	unlike	the	ones	used	in	regular	PCR	
reactions,	TaqMan	assay	requires	two	PCR	primers	with	a	preferred	product	size	of	50-
150	 bp	 and	 a	 third	 sequence-specific	 fluorogenic	 “probe”.	 	 The	 latter	 is	 a	 single	
stranded	oligonucleotide	of	20-26	nucleotides	designed	to	bind	only	the	DNA	sequence	


















the	 5'	 end	 is	 silenced	 by	 the	 “quencher”	 on	 the	 3'	 end.	 In	 the	 following	 step,	 the	
temperature	is	lowered	to	60°C	in	order	to	allow	the	primers	and	the	probe	to	anneal	




are	 released,	 resulting	 in	 a	 raise	 in	 fluorescence	 intensity,	 which	 is	 directly	









RNA	was	 extracted	 from	5	dpf	 larvae	derived	 from	 the	 following	 incrossed	mutant	


























RNA	extracted	was	 then	quantified	using	 a	Nanodrop	ND-1000	 spectrophotometer.	












RTqPCR	 was	 performed	 using	 CFX96	 Touch™	 Real-Time	 PCR	 Detection	 System	
(BioRad)	 paired	 with	 CFX	Maestro™	 Analysis	 Software.	 Each	 assay	 contains	 target	
primers	and	an	optimized	sequence-specific	probe	with	no	extra	design,	optimization	
or	lengthy	melt-curve	analysis	necessary.	RTqPCR	mix	was	prepared	as	follows:	
§ cDNA	(100ng/µl)		 	 	 	 	 1	μl	
§ TaqMan	Universal	Master	Mix		 		 											10	μl	
§ FAMTM	Probe			 	 	 	 												 1	μl	 	 						















passive	 reference	 dye.	 Three	 technical	 replicates	 for	 each	 biological	 replicate	were	
used	 for	 each	 RTqPCR	 reaction.	 Notably,	 due	 to	 the	 use	 of	 a	 96	 well	 plate	 format	











ΔΔCT	 method	 was	 used	 to	 calculate	 the	 fold	 change	 value	 (Livak	 and	 Schmittgen,	
2001).	Firstly,	the	difference	between	Ct	values	of	target	gene	and	reference	gene	was	























































































and	 Karl-Heinz	 Storbeck	 laboratory	 (Department	 of	 Biochemistry,	 Stellenbosch	
University,	 South	 Africa)	 I	 performed	 cortisol	 extraction	 and	 quantification	 in	 both	











- Homogenize	 samples	with	 a	 tissue	 homogenizer	 (Power	 Gen	 125,	 Fisher	
Scientific)	 equipped	 with	 blades	 (SN-04727-87,	 Disposable	 Plastic	 Tip	







Once	all	 the	samples	were	collected,	 I	 freeze-dried	them	to	make	the	material	more	
convenient	for	shipping	to	Karl-Heinz	Storbeck	laboratory,	which	performed	cortisol	
quantification.	 In	 particular,	 the	 dried	 steroids	 were	 resuspended	 in	 150	 mL	 50%	
MeOH	 and	 were	 separated	 and	 quantified	 with	 an	 Acquity	 UPLC	 System	 (Waters,	
Milford,	 CT)	 in	 combination	 to	 a	 Xevo	 TQ-Standem	 mass	 spectrometer	 (Waters).	
























Visual	 background	 adaptation	 (VBA)	 is	 a	 well-characterized	 GR-dependent	
neuroendocrine	 response	 that	 causes	 zebrafish	 skin	 pigment	 cells	 to	 shrink	 when	
exposed	to	bright	illumination.	This	is	because	it	is	a	natural	defence	strategy	against	
predators	 to	 camouflage	 themselves	 according	 to	 the	 colour	 of	 the	 background	
(Kramer	et	al.,	2001;	Kurrasch	et	al.,	2009).	For	this	reason,	since	grsh543/sh543	mutants	
were	 indistinguishable	 from	siblings,	 a	quick	way	 to	 identify	 their	 genotype	was	 to	
assess	 their	 VBA	 response.	 To	 achieve	 that,	 clutches	 of	 grsh543/+	 incrossed	 derived	
larvae	were	subjected	to	VBA	assay	at	5	dpf,	as	follows:	
- keep	 petri	 dishes	 containing	 larvae	 in	 a	 dark	 environment	 for	 at	 least	 60	
minutes	(covered	with	aluminium	foil	inside	a	Styrofoam	box);	
- expose	 them	under	bright,	whole-field	 illumination,	using	a	Leica	CLS	150	
Microscope	 Light	 Source	 Fibre	 Optic	 Lab	 from	 the	 top	 (maximum	 light	
intensity),	mounted	50	cm	above	the	petri	dishes,	with	their	lid	removed,	for	
20	minutes.	








































Pictures	were	 acquired	 using	 Leica	Application	 Suite	 version	 4.9,	which	 allowed	 to	






mean	 grey	 values	 are	 proportional	 to	 the	 intensity	 of	 the	 eGFP-related	 brightness	
present	in	the	embryos.	In	particular,	head,	liver	and	tail	(from	the	anus	to	the	caudal	
peduncle)	 (figure	 2.1)	 related	 brightness	 were	 selected	 and	 measured	 in	 all	 the	
mutant	lines	used	in	this	project.		
Figure	2.1	Representative	picture	of	the	head,	liver	and	tail	areas	selected	in	each	embryo	to	quantify	













One-	 or	 Two-way	 ANOVA	 method	 followed	 by	 Sidak’s	 post	 hoc	 test	 was	 used.	 In	
particular	 one-way	 ANOVA	 was	 used	 for	 assessing	 mean	 grey	 values	 data	
quantification,	whereas	two-way	ANOVA	was	used	to	evaluate	RTqPCR	data.	As	post-
hoc	correction	tests,	Sidak’s	method	for	multiple	comparisons	was	used	on	normally	




















































































the	most	downstream	protein	 in	 the	HIF	pathway	and	 for	 this	reason	 it	 is	 the	most	
suitable	 target	 to	 efficiently	 repress	 it.	 In	 particular,	 zebrafish	 have	 two	 Arnt1	
homologues	named	Arnt1a	and	Arnt1b,	with	the	shorter	one	(Arnt1a)	apparently	non-
functional	as	demonstrated	in	a	previous	in	vitro	study	(Prasch	et	al.,	2006).	
For	 this	 reason,	 I	 chose	 to	 target	 the	arnt1b	 gene	 at	 the	 level	 of	 the	 exon	5,	
because	 of	 its	 favourable	 length,	 its	 genomic	 location	 and	 the	 presence	 of	 ideal	






(figure	 3.1)	was	 obtained	 using	 CRISPR/Cas9	 based	mutagenesis	 in	 vhl;phd3:eGFP	
heterozygote	 embryos.	 The	 resulting	 frameshift	 mutation	 (allele	 name	 sh544)	 was	
expected	 to	 cause	 a	premature	 stop	 codon	at	 the	 level	 of	 the	DNA-binding	domain,	
which	 would	 result	 in	 a	 severely	 truncated	 protein.	 Consequently,	 I	 predicted	 to	
observe	a	strong	downregulation	of	the	HIF	reporter	related	brightness	in	5	dpf	mutant	
larvae.		
The	 phd3:eGFP	 hypoxia	 reporter	 line	 was	 previously	 generated	 in	 my	
laboratory	 via	 BAC	 transgenesis.	 The	 phd3	 locus	 plus	 >30	 kb	 3’	 and	 a	 5’	 flanking	















Initial	 analysis	 performed	 on	 arnt1+/-;vhl+/-	 incross-derived	 5	 dpf	 larvae	 (F1	
generation)	confirmed	the	suppressive	effect	that	arnt1	mutation	was	expected	to	have	
on	 the	 HIF	 signalling	 in	 vhl	 mutants.	 As	 predicted,	 arnt1-/-;vhl-/-	 larvae	 showed	 a	
substantially	attenuated	vhl	phenotype,	characterized	by	a	reduced	phd3:eGFP	related	
brightness,	 especially	 at	 the	 hepatic	 level,	 coupled	 to	 the	 absence	 of	 pericardial	
oedema,	 excessive	 caudal	 vasculature	 and	 improved	 yolk	 usage	 compared	 to	 vhl-/-	






















































































































































































































































































































































































































































































































































raise	 arnt1-/-;vhl-/-	 after	 day	 5	 post	 fertilization.	 Notably,	 double	 mutants	 survived	
beyond	15	dpf,	but	failed	to	grow	and	thrive	when	compared	to	wildtypes,	which	led	
us	to	euthanise	them	due	to	health	concerns	at	26	dpf	(figure	3.3).	Arnt1	homozygote	














Phenotypic	 analysis	 performed	 both	 on	 26	 dpf	 arnt1-/-;vhl-/-	 and	 wildtype	 siblings	
showed	 the	 presence	 of	 substantial	 morphological	 differences	 between	 these	 two	






























Consequently,	 these	 results	 suggest	 that	 arnt1	 mutation	 is	 able	 to	 partially	
rescue	the	Vhl	phenotype	and	to	triple	the	lifespan	of	vhl	mutant	larvae.	However,	since	
arnt1-/-;vhl-/-	did	not	show	fully	rescued	traits,	I	speculate	that	this	could	be	due	to	the	
presence	of	other	Hif1b	 isoforms	(mainly	arnt2)	 that	could	still	 interact	with	HIF-a	







phd3:eGFP	 related	 brightness	 observed.	 This	 phenotypic	 analysis	 confirmed	 that	
zArnt1	 is	 particularly	 expressed	 in	 organs	 outside	 the	 central	 nervous	 system	 and	
predominantly	in	the	liver	of	zebrafish	larvae	(Hill	et	al.,	2009).	This	 is	also	broadly	
consistent	with	mouse	data		(Jain	et	al.,	1998).				
As	 a	 consequence	 of	 the	 above	 considerations,	 since	my	data	 show	 that	HIF	
pathway	could	still	be	partially	activated	in	5	dpf	arnt1-/-;vhl-/-	larvae,	I	set	up	to	test	
whether	 this	 was	 due	 to	 the	 presence	 of	 other	 arnt	 isoforms.	 To	 this	 end,	 I	 took	






























and	 Whitlock,	 1994;	 Drutel	 et	 al.,	 1996;	 Hirose	 et	 al.,	 1996;	 Prasch	 et	 al.,	 2006).	
However,	even	if	both	genes	are	expressed	in	almost	all	the	tissues	during	zebrafish	
embryonic	development,	 tissue	distribution	of	arnt2	seems	to	be	more	 limited	 than	
arnt1	(Hill	et	al.,	2009).	













To	provide	 further	 insights	about	 it,	 I	 compared	 the	gene	expression	of	both	
isoforms	by	knocking	out	one	of	them	and	by	observing	the	corresponding	phenotypic	
outcomes	and	the	relative	phd3:eGFP-related	brightness	of	the	other	one.	To	this	aim,	
I	 exploited	 the	novel	 and	 rapid	Wu	et	 al	2018	mutagenesis	protocol	 to	generate	G0	
CRISPants.	Phenotypic	analysis	of	Arnt2	CRISPant	larvae	created	both	in	a	vhl+/-	and	
arnt1+/-;vhl+/-	 background,	 was	 carried	 out	 on	 5	 dpf	 larvae	 using	 a	 Leica	 M165FC	
fluorescent	stereo	microscope.		
	 By	comparing	the	phenotype	of	arnt1-/-;vhl-/-	with	the	one	of	4x	arnt2	gRNAs	




double	 mutants	 at	 5	 dpf.	 	 Furthermore,	 arnt1-/-;arnt2-/-;vhl-/-	 CRISPants	 (triple	
mutants)	exhibited	an	even	more	rescued	vhl	phenotype,	which	strongly	resembled	
wild-type	larvae	(figure	3.5A).	
Interestingly,	 by	 analysing	 and	 quantifying	 the	 expression	 of	 the	 phd3:eGFP	
transgene,	it	was	possible	to	appreciate	that	arnt2	CRISPR	injected	vhl	mutants	were	
characterized	by	a	significant	downregulation	of	the		HIF	reporter-related	brightness	
at	 the	 level	 of	 the	 head	 (equals	 to	 53%,	 P<0.0001),	 in	 the	 liver	 (equals	 to	 54%,	
P<0.0001)	 and	 in	 the	 rest	 of	 the	 body	 (equals	 to	 46%,	 P<0.0001),	 compared	 to	













Overall,	 these	data	allow	me	to	better	understand	the	partial	 redundancy	 	of	
these	two	isoforms	in	zebrafish	 larvae.	My	data	allowed	also	to	confirm	that	even	if	
Arnt1	 is	 not	 fundamental	 for	 survival,	 it	 is	 the	main	Arnt	 isoform	expressed	 at	 the	
hepatic	 level,	 whereas	 Arnt2	 is	 more	 expressed	 in	 the	 developing	 central	 nervous	
system	(CNS),	as	supported	by	(Hill	et	al.,	2009).	Finally,	since	both	isoforms	can	form	
a	functional	complex	with	HIF-a	and	both	appear	to	function	in	the	same	organs,	this	



























































































































































































































































































































































































































































































































































































interaction	 between	 these	 two	major	 pathways	 occurs	 in	 vivo.	 For	 these	 reasons,	 a	
novel	zebrafish	grsh551	mutant	line	was	initially	created	in	my	laboratory.		
The	grsh551/+;vhlhu2117/+	line	was	generated	by	Eleanor	Markham	(van	Eeden	lab,	
Bateson	 Centre,	 TUoS)	 in	 a	 phd3:eGFP;vhl+/-	 background,	 using	 CRISPR/Cas9-based	
mutagenesis.	It	was	characterized	by	a	1bp	deletion	located	at	the	beginning	of	exon	2	
(first	 coding	 exon)	 which	 codes	 for	 the	 N-terminal	 domain	 (NTD).	 The	 injected	







on	 3	 dpf	 and	 5	 dpf	 larvae.	 Results	 showed	 that	 despite	 the	 presence	 of	 the	

















































To	 further	check	whether	 this	 fish	 line	carried	a	 true	null	allele	 for	gr,	 I	also	

































part	 of	 the	 pituitary	 gland,	 I	 showed	 that	 this	mutant	 line	was	 not	 a	 true	 null.	 Anterior	 part	 of	 the	
pituitary	gland	(black	arrowhead).	Scale	bar	50	µm.		
	
Finally,	 although	 the	N-terminal	 transactivation	 domain	 (NTD)	 is	 conserved,	
literature	 reviews	and	 sequence	 alignments	of	 human,	monkey,	 rat	 and	mouse	GRs	
revealed	that	there	are	other	8	conserved	AUG	start	codons	in	the	exon	2.	In	human,	
these	 were	 shown	 to	 produce	 various	 GR	 isoforms	 with	 progressively	 shorter	 N-
terminal	 transactivation	 domain	 (NTD)	 (figure	 3.8).	 These	 are	 formed	 due	 to	 the	
presence	of	alternative	Kozak	translation	initiation	sequences	which	can	cause	either	
ribosomal	 shunting	 or	 ribosomal	 leaky	 scanning	 mechanisms.	 This	 allow	 the	













Figure	 3.8	 Representative	 picture	 of	 the	 hGR	 translational	 isoforms.	 Eight	 GR	 isoforms	 with	
progressively	 shorter	 N-terminal	 domains	 are	 produced	 as	 a	 consequence	 of	 the	 presence	 of	 eight	
different	AUG	start	codons	at	the	level	of	exon	2	in	the	GRα	mRNA	(location	of	the	8	AUGs	is	indicated	
















line	 characterized	 by	 an	 11	 bp	 deletion	 at	 the	 level	 of	 gr	 exon	 3.	 The	 latter	 was	





















treated	gr+/-	 and	 gr+/+	 larvae	 looked	 normal	 (figure	 3.10A,	 left	 column),	 whereas	
betamethasone	 treatment	 was	 able	 to	 cause	 a	more	 severe	 phenotype	 to	 them.	 In	
particular,	it	was	possible	to	observe	both	an	acute	pericardial	and	periorbital	oedema,	

















































subjected	gr	 larvae	 to	visual	background	adaptation	 (VBA)	 test.	 	 Since	VBA	 is	a	Gr-






size	 quantification	 at	 the	 level	 of	 the	 head,	 highlighted	 the	 presence	 of	 statistically	
significant	 differences	 between	 wild	 types	 (VBA+,	 0.0009	 mm2,	 P=0.0123),	 and	
heterozygous	 (VBA+,	 0.0015	 mm2,	 P<0.0001)	 and	 mutants’	 melanophores	 (VBA-,	
0.0028	mm2,	P<0.0001)	(figure	3.11A).	In	particular,	only	melanophores	on	the	dorsal	
side	of	 the	head	were	used	 for	 the	measurements	 and	 this	 region	was	 always	kept	
constant	in	order	to	improve	the	reliability	of	measurements.	This	is	because	the	head	
is	 the	 main	 region	 containing	 the	 biggest	 melanophores	 and	 where	 VBA-induced	
changes	are	more	evident.	Moreover,	since	the	head	is	wider	than	the	tail,	it	is	possible	







result	was	obtained	 for	 the	 trans-heterozygous	 incross-derived	 larvae,	compared	to	





















Figure	 3.11	 A.	 VBA	 test	 performed	 on	gr+/-	 incross-derived	 5dpf	 larvae	 (n=240),	 followed	 by	
genotyping	and	statistical	analysis.	Statistical	analysis	was	performed	on	melanocytes	average	size	
(expressed	 in	mm2)	of	5	dpf	 larvae	post	VBA	 test.	Wildtype	melanocytes	 size	0.0009	±	 0.0001	mm2	
(mean	±	s.e.m,	*P=	0.0123,	n	=	6	larvae),	heterozygous	melanocytes	size	0.0015	±	0.0001	mm2	(mean	±	
s.e.m,	 ****P<0.0001,	n=8	 larvae)	and	mutant	melanocytes	size	0.0028	 	±	0.0002	mm2	(mean	±	 s.e.m,	
****P<0.0001,	n=5	 larvae).	One-way	ANOVA	 followed	by	Sidak’s	multiple	comparisons	 test	has	been	
used	for	calculating	significance	(*P<0.05;	**P<0.01;	***P<0.001;	****P<0.0001).	Scale	bar	200	µM.	
B.	VBA	test	performed	on	gr+/-	(1	bp	deletion)	x	gr+/-	(11	bp	insertion)	derived	5	dpf	larvae	(n	=	

















DMSO	 treated	 gr-/-	 larvae	 at	 the	 level	 of	 the	 anterior	 part	 of	 the	 pituitary	 gland,	
compared	 to	DMSO	 treated	gr	wild-types	 (figure	3.12,	 top	and	bottom	left,	black	
asterisks).	This	is	because	the	absence	of	a	functional	GR	avoids	the	GC-GR	negative	
feedback	loop	to	occur.	For	this	reason,	it	was	also	possible	to	observe	the	presence	of	
unvaried	 (still	 upregulated)	 pituitary	 pomca	 levels	 in	 BME	 treated	 gr-/-	 larvae,	
compared	to	DMSO	treated	gr-/-	ones.	
Vice	versa,	in	BME	treated	gr	wild	types	thanks	to	the	presence	of	functional	Gr,	
the	 synthetic	 GC	 treatment	 was	 able	 to	 trigger	 the	 negative	 feedback	 loop.	














































folding,	maturation,	 trafficking	 to	 the	nucleus	and	DNA	binding.	Finally,	both	Fkbp5	
mRNA	and	protein	expression	can	be	induced	by	Gr	activation	via	intronic	hormone	






























the	 absence	of	 distinctive	 chromatic	 and	 sexual	 traits	which	make	 them	difficult	 to	




































screen	 identified	 synthetic	 GCs	 as	 activators	 of	 hypoxia-inducible	 factors	 (HIF)	
pathway,	especially	in	the	liver	of	zebrafish	embryos.	Importantly,	a	model	for	GCs	to	
stabilize	HIF	via	Von	Hippel	Lindau	degradation	has	also	been	proposed	(Vettori	et	al.,	
2017).	 In	addition,	 	 in	a	 counterintuitive	way,	GR	 loss	of	 function	was	described	by	
Facchinello	 and	 colleagues	 to	hamper	 the	 transcriptional	 activity	 linked	 to	 immune	
response	 (i.e.	 of	 cytokines	 Il1β,	 Il8	 and	 Il6	 and	 of	 the	 metalloproteinase	 Mmp-13)	
(Facchinello	et	al.,	2017).	Finally,	GR	has	been	also	 found	 to	 synergistically	activate	
proinflammatory	genes	by	interacting	with	other	signalling	pathways	(Langlais	et	al.,	
2008,	2012;	Dittrich	et	al.,	2012;	Xie	et	al.,	2019)	
However,	 there	 are	 currently	 still	 controversial	 in	 vitro	 data	 and	 no	 clear	








two	 pathways	 during	 the	 first	 5	 days	 post	 fertilisation	 of	 zebrafish	 embryos.	 In	
particular,	I	took	advantage	of	two	different	mutant	lines	I	have	generated:	hif1βsh544	
(arnt1)	 and	 grsh543	 (nr3c1)	 respectively,	 coupled	 to	 the	 already	 existing	
vhlhu2117/+;phd3:eGFPi144/i144	hypoxia	reporter	line	(Santhakumar	et	al.,	2012).	
Initial	analysis	carried	out	on	the	arnt1;vhl	mutant	line	showed	that	arnt1	loss	
of	 function	 substantially	 attenuated	 vhl	 phenotype.	 Of	 note,	 double	 mutants	 were	
characterized	 by	 a	 reduced	 phd3:eGFP	 related	 brightness,	 improved	 yolk	 usage,	
properly	developed		and	air-filled	swim	bladder	as	well	as	by	the	absence	of	pericardial	
oedema	and	excessive	caudal	vasculature,	compared	to	vhl-/-	larvae.	However,	beyond	
5	days,	 the	double	mutants	exhibited	only	partial	 recovery	 from	the	vhl	phenotype,	
they	 developed	 well	 till	 15	 dpf,	 but	 subsequently	 failed	 to	 grow	 and	 thrive	 when	
compared	to	their	siblings.	Of	note	arnt1	homozygous	mutants	were	found	to	be	viable	
and	 fertile,	 in	 contrast	 to	 both	 vhl	 and	 arnt2	 homozygous	 mutants,	 which	 are	
embryonic	lethal	by	8-10	dpf	(Hill	et	al.,	2009;	van	Rooijen	et	al.,	2009).			
Given	these	data,	I	set	out	to	understand	which	was	the	difference	in	terms	of	
spatial	expression	pattern	of	 the	 two	ARNT	 isoforms	 in	zebrafish	 larvae.	So	 far,	 the	
temporal	and	spatial	expression	of	arnt1	has	been	described	only	in	developing	mice	
(Jain	 et	 al.,	 1998;	 Walisser,	 Bunger,	 Glover	 and	 Bradfield,	 2004;	 Walisser,	 Bunger,	
Glover,	Harstad,	et	al.,	2004)	and	there	are	just	few	information	about	arnt2	expression	





art	CRISPR	method	 to	generate	G0	mutants	 (Burger	et	al.,	2016;	Wu	et	al.,	2018)	 to	
create	arnt2	mutants	both	in	a	vhl	and	in	a	vhl;arnt1	background.		
My	data	allowed	 to	 show	 that	Arnt1,	 even	 if	not	 fundamental	 for	 survival,	 is	
predominantly	expressed	in	the	liver	and	in	organs	outside	the	central	nervous	system	
of	zebrafish	 larvae.	Conversely,	Arnt2	 is	mainly	expressed	 in	 the	developing	central	
nervous	system	(CNS),	as	also	reported	by	Hill	et	al.	in	2009.	However,	the	similarities	
observed	 in	 terms	 of	 phd3:eGFP-related	 brightness	 in	 both	 arnt1-/-;vhl-/-	 and	 arnt2	
CRISPR	injected	vhl	mutants	suggest	there	is	no	strong	functional	separation.	Finally,	
when	both	 isoforms	were	 simultaneously	knocked	out	 in	 a	 vhl-/-	background,	 triple	
mutant	 larvae	 exhibited	 an	 even	 more	 rescued	 Vhl	 phenotype,	 which	 strongly	
resembled	 the	 wild-type’s	 one.	 Importantly,	 an	 even	 weaker	 phd3:eGFP-related	
brightness	overall	 coupled	 to	normal	 yolk	usage,	properly	developed	 	 and	air-filled	




























fact	 that	 grsh551	mutants	were	 able	 to	 respond	 to	 betamethasone	 treatment	 and	 to	
consequently	downregulate	pomca	expression,	as	wild-type	larvae	did,	confirmed	the	
presence	 of	 a	 still	 functional	 Gr.	 Finally,	 detailed	 literature	 review	 unveiled	 the	
presence	of	8	conserved	start	 codons	 in	 the	 first	 coding	exon	(exon	2),	which	were	
shown	 to	 produce	 various	 GR	 isoforms	 with	 progressively	 shorter	 N-terminal	
transactivation	domain	(NTD)	(Oakley	and	Cidlowski,	2011).		
Given	 the	 need	 for	 a	 true	 null	 mutant	 line,	 I	 set	 out	 to	 generate	 a	 novel	
glucocorticoid	 receptor	 mutant	 line,	 named	 grsh543,	 which	 was	 predicted	 to	 have	 a	
truncated	DNA	binding	domain	and,	therefore,	no	C-terminal	 ligand	binding	domain	
too.	The	absence	of	shrunk	dorsal	melanophores	observed	in	grsh543	mutants	at	5	dpf,	
typical	 of	 a	 positive	 visual	 background	 adaptation	 response,	 represented	 the	 first	
evidence	 that	 the	 gr-dependent	 negative	 feedback	 was	 missing	 in	 mutants.	
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However,	conflicting	results	have	been	reported	 in	 the	 last	decade	about	 the	
crosstalk	between	GC	action	and	hypoxia	(Kodama	et	al.,	2003;	Wagner	et	al.,	2008).	
Moreover,	due	to	 the	presence	of	adverse	effects	(Moghadam-Kia	and	Werth,	2010)	














incrossed	 derived	 embryos	 using	 the	 aforementioned	 G0	 mutagenesis	 CRISPant	
technology	(Wu	et	al.,	2018).	Both	phenotypic	and	molecular	analysis	of	these	mutant	



















vhlhu2117/+;phd3:eGFPi144/i144	 HIF-reporter	 line.	 Genotyping	 analysis	 following	 fin-
clipping	procedure	on	3	months	old	fish	allowed	to	select	carriers	for	both	mutations.		
Phenotypic	 analysis	 carried	 out	 on	 5	 dpf	 larvae,	 derived	 from	 a	 gr+/-;vhl+/-
;phd3:eGFP	 incross	 revealed	 that	 nr3c1	 knockout	 may	 cause	 an	 efficient,	 but	 not	
complete	 rescue	 of	vhl	 phenotype,	 in	 a	way	 that	 resembled	 arnt1	mutation	 (figure	
3.2A).	 In	 particular,	 in	 accordance	 with	 the	 Mendelian	 ratio,	 one	 sixteenth	 of	 GFP	
positive	larvae	showed	a	43%	downregulation	at	the	level	of	the	head	(P<0.0005),	a	
66%	downregulation	 in	 the	 liver	 (P<0.0005)	 and	 a	 51%	downregulation	 in	 the	 tail	
(from	 the	 anus	 to	 the	 caudal	 peduncle)	 (P=0.0020),	 in	 terms	 of	 phd3:eGFP-related	
brightness,	 compared	 to	 5	 dpf	 vhl-/-	 larvae	 (figure	 4.1B).	 PCR-based	 genotyping	
carried	out	on	 these	 larvae	revealed	 that	 they	were	gr-/-;vhl-/-,	which	allowed	me	 to	
confirm	the	presence	of	a	genotype-phenotype	correlation.		






























































































































































































































































































































































































































































































































































Moreover,	as	expected,	BME	 treated	gr-/-	 larvae	did	not	 show	any	significant	
change	in	terms	of	phd3:eGFP	expression	levels,	compared	to	DMSO	treated	gr	siblings	
at	the	level	of	the	head,	liver	and	tail	(figure	4.3,	red	bars).	Vice	versa,	as	expected,	
BME	 treated	 gr	 siblings	 were	 able	 to	 respond	 to	 synthetic	 GC	 administration	 as	




































































































































































































































































































































































































































































































































































































































































































































































































































































































































possible	 to	 raise	gr-/-;vhl-/-	larvae	beyond	15	dpf.	Then,	 similarly	 to	 the	arnt1-/-;vhl-/-	
larvae	 scenario,	 they	 failed	 to	 grow	 and	 thrive	 when	 compared	 both	 to	 their	



































wild-type	 larvae	 (SL	 =	 10,74	 mm)	 and	 no	 particular	 phenotypic	 traits	 have	 been	
observed	in	them.		
Interestingly,	 21	 dpf	 gr-/-;vhl-/-	 larvae	 showed	 a	 still	 clear	 body,	 a	 larval-like		
anteriorly	protruding	open	mouth	and	a	visible	gut	beneath	the	swim	bladder,	which	
are	typical	traits	of	a	11-13	dpf	wildtype	larva	(Kimmel	et	al.,	1995).	An	early	larval	
pigment	 pattern	 with	 small	 melanophores	 in	 stripes	 was	 also	 observable	 over	 the	























Gr	 function	 is	 essential	 to	 assure	 a	 proper	 HIF	 response	 in	 zebrafish	 larvae.	
Furthermore,	 the	 fact	 that	 Gr	 loss	 of	 function	 was	 able	 to	 partially	 ameliorate	 the	
phenotype	of	vhl	mutant	and	to	double	the	lifespan	of	vhl-/-	larvae,	may	shed	light	on	
important	clinical	applications.	Finally,	the	fact	that	only	a	partial	rescue	was	observed,	






























































































































































































































































































































































































































































































































































































































































































































In	particular,	 I	 observed	 in	5	dpf	gr	wildtypes	 larvae	 the	presence	of	 a	mild	
upregulation	of	the	HIF	reporter-related	brightness	at	the	hepatic	level,	compared	to	
untreated	 controls	 (figure	 4.2,	gr	 siblings:	 DMSO	 vs	 BME	 treated).	 Interestingly,	
betamethasone	 treatment	 was	 also	 able	 to	 further	 increase	 the	 phd3:eGFP-related	
brightness	at	the	level	of	the	head	and	the	liver	of	5	dpf	vhl-/-	larvae,	compared	to	the	




















[30	 µM]	 treated	 5	 dpf	 larvae,	 derived	 from	 arnt1+/-;vhl+/-(phd3:eGFP)	 x	 arnt1-/-;vhl+/-
(phd3:eGFP)	 (n=540).	 All	 the	 genotype	 combinations	 observed	 are	 represented	 in	 the	 figure.	
Among	the	405	GFP+	larvae,	all	the	25	arnt1-/-;vhl-/-	showed	the	aforementioned	partially	rescued	





liver	and	 tail),	 after	phenotypic	analysis	on	5dpf	DMSO	and	BME	 [30	µM]	 treated	arnt1+/-
















(A’-B’)	 treated	 vhl+/-	 incross	 derived	 larvae,	 at	 5	 dpf,	 using	 ldha	 as	 probe.	 DMSO	 treated	 vhl	
siblings	showed	basal	 ldha	expression	(34/35	larvae),	which	showed	to	be	upregulated	after	BME	
treatment	(33/35	larvae).	On	the	other	hand,	DMSO	treated	vhl-/-	showed	upregulated	ldha	expression	
(32/35	 larvae),	 which	 was	 further	 upregulated	 after	 BME	 treatment	 (34/35	 larvae)	 (black	
arrowhead:	head	and	liver)	Chi-square	test	(****P	<	0.0001).	Scale	bar	200	µm.	
	
C-D’.	 Representative	 pictures	 of	WISH	 performed	 on	 DMSO	 (C-D)	 and	 BME	 [30	µM]	 (C’-D’)	
treated	 vhl+/-	 incross	 derived	 larvae,	 at	 5	 dpf,	 using	phd3	 (egln3)	 as	 probe.	 As	 expected,	 vhl	
siblings	DMSO	treated	(n=	30/30	larvae)	showed	basal	phd3	expression,	which	was	mildly	increased	
after	BME	treatment	(n=	27/30	larvae).	Vhl-/-	DMSO	treated	(n=	28/30	larvae)	showed	upregulated	













In	 the	 same	way,	gr-/-	and	gr-/-;vhl-/-	mutants	were	unaffected	due	 to	 the	 absence	of	









test	this	hypothesis	via	WISH	and	CRISPant	method,	as	it	will be thoroughly described in	
the	next	subchapters	4.5	and	4.6.		

















In	 this	 scenario,	phenotypic	 analysis	 performed	 at	 5	 dpf	 on	DMSO	 and	BME	
treated	vhl+/-;vll-/-	and	vhl-/-;vll-/-		larvae	showed	that	betamethasone	is	able	to	potently	
activate	 HIF	 pathway	 also	 in	 a	 Vll-independent	 way	 (figure	 4.11A).	 This	 was	




HIF-reporter	 expression	 in	 the	 head	 and	 the	 liver,	 as	 usually	 occurs	 in	 wild	 types	
(figure	4.11A).		














combinations	 observed	 are	 represented	 in	 the	 figure.	 Among	 the	 450	 GFP+	 larvae	 analysed,	 28	

















































































































































































































































































































































































































































































































































showed	 upregulated	 pomca	 (figure	 4.12C).	 The	 latter	 phenotype	 is	 known	 to	 be	
induced	by	the	absence	of	a	functional	GC-GR	mediated	negative	feedback	loop,	which	
triggers	the	upregulation	of	pomca	gene	at	the	level	 	of	the	pituitary	gland.	This	has	
been	 shown	 to	 be	 followed	 by	 an	 overproduction	 of	 cortisol	 at	 the	 level	 of	 the	
interrenal	gland,	which	makes	zebrafish	hypercortisolaemic	(Facchinello	et	al.,	2017;	






immunosuppressive	 and	 anti-inflammatory	 actions,	 their	 secretion	 must	 be	 finely	
tuned	at	the	level	of	the	HPA/I	axis.	In	addition,	since	previous	data	from	my	laboratory	









detrimental	 to	 homeostasis.	 In	 particular,	 the	 following	 chapter	will	 be	 focused	 on	
testing	and	confirming	these	hypotheses.		
	 Additionally,	WISH	 analysis	 carried	 out	 on	 the	 aforementioned	mutant	 line,	
showed	 that	 a	 strong	 pomca	 upregulation	 was	 present	 in	 gr-/-;vhl-/-	 larvae	 (figure	
4.12D),	compared	to	both	vhl-/-	and	wild	types.	Then,	PCR	analysis	carried	out	post	in	
situ	hybridisation	allowed	to	confirm	the	presence	of	genotype-phenotype	correlation.	























shown	 to	 be	 differentially	 involved	 in	 the	 control	 of	 the	 stress	 axis	 activation	 and	
function	in	zebrafish	larvae	(Faught	and	Vijayan,	2018b).		
For	 these	 reasons,	 I	 have	 speculated	 that	 also	 the	 GC-MR	 complex	 might	
contribute	to	trigger	the	HIF	response	in	zebrafish	larvae.	To	test	this,	I	knocked-out	






compared	 to	 vhl	 mutant	 uninjected	 larvae	 (figure	 4.13D	 compared	 to	 4.13A).	
Furthermore,	the	downregulation	was	even	stronger	at	the	level	of	the	head	(equals	to	
62%,	P<0.0001),	the	liver	(equals	to	77%,	P<0.0001)	and	the	rest	of	the	body	(equals	
to	 63%,	 P<0.0001)	 when	 mr	 was	 knocked-out	 in	 gr-/-;vhl-/-larvae,	 compared	 to	
uninjected	vhl	mutants	(figure	4.13E	compared	to	4.13A).	Notably,	mr	 injection	in	
vhl-/-	 larvae	was	 also	more	 efficient	 in	 downregulating	 the	HIF-reporter	expression	
only	at	the	level	of	the	head	(equals	to	31%,	P	=	0.0087)	compared	to	uninjected	gr-/-
;vhl-/-	larvae	(figure	4.13D	compared	to	4.13B).	This	led	me	to	hypothesise	that	Mr	











groups	 (figure	 4.14A-C	 and	 4.14E).	 Overall,	 these	 data	 further	 supported	 my	
hypothesis	that	not	only	GR	but	also	MR	play	an	essential	role	in	assuring	a	proper	HIF	
response	in	zebrafish.		





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To	 further	 the	 knowledge	 on	 the	MR	 role	 on	 the	 HIF	 signalling	when	 the	 latter	 is	
normally	expressed,	I	initially	created	the	grsh543/+;mrsh562/+	mutant	line	as	mentioned	
in	 the	 subchapter	 2.1.7	 of	 the	 Material	 and	 Methods.	 Then,	 fin-clipping	 procedure	
followed	by	genotyping	analysis	on	3	months	old	fish	allowed	to	select	carriers	for	both	














4.15B	 compared	 to	 4.15A,	 black	 arrowhead).	 Vice	 versa,	mr-/-	 didn’t	 show	 any	
particular	phenotype	and	they	looked	like	wild-type	larvae,	as	expected	(figure	4.15C).	
Genotyping	 post	 phenotypic	 analysis	 on	 these	 VBA	 sorted	 larvae	 confirmed	 the	







after	being	VBA	tested	and	sorted	according	 to	 their	phenotype	 in	 three	different	dishes	
(n=60	each).		In	the	first	dish,	there	were	VBA	negative	gr-/-	larvae	derived	by	a	gr+/-	fish	incross	
used	as	control.	The	second	dish	(B)	contained	VBA	negative	 larvae	with	a	bigger	yolk	than	the	
wild-types	 one,	 but	 smaller	 than	gr-/-	 larvae	 (white	 asterisk),	 coupled	 to	 the	 presence	 of	 a	 still	
rounded	head	(back	arrowhead).	Finally,	 the	 third	dish	(C)	 included	VBA	positive	 larvae	with	a	
normal	phenotype.	Of	note,	PCR-based	genotyping	carried	out	on	12	larvae	per	group,	allowed	to	



















Surprisingly,	 PCR-based	 genotyping	 on	 adult	 zebrafish	 tail	 biopsies,	 revealed	 that	
double	 mutants	 were	 viable	 and	 adult	 males	 showed	 feminised	 secondary	 sex	
characteristics,	 including	 a	 slightly	 bigger	 belly	 and	 bluish	 stripes.	 Moreover,	 both	
sexes	showed	an	increased	average	size.	
	 To	better	examine	this	aspect,	I	collaborated	with	Jack	Paveley	(PhD	student	in	



















to	 test	 the	 ability	 of	 gr-/-;mr-/-	 adult	 fish	 to	 perform	 breeding.	 Notably,	 preliminary	
behavioural	analysis	carried	out	in	collaboration	with	Jack	Paveley,	showed	that	these	
double	mutants	were	less	motile,	failed	to	show	chasing	behaviour	(the	typical	mating	




behind	 this	 behaviour.	 Consequently,	 understanding	 whether	 the	 concomitant	



























Figure	 4.16.	 Statistical	 analysis	 carried	 out	 on	 weighing	 results	 of	 60	 nine-month-old	 fish	
derived	from	the	aforementioned	gr+/-;mr+/-	incross.	Wild	types	fish	(n=12):	0.383	±	0.018	(mean	±	
s.e.m).		gr-/-	fish	(n=17):	0.505	±	0.027	(mean	±	s.e.m);	mr-/-	fish	(n=17):	0.396	±	0.017	(mean	±	s.e.m);	











however	 the	 question	 whether	 GR	 activity	 is	 essential	 for	 proper	 HIF	 pathway	
activation	was	yet	unanswered.	






























	 To	then	study	the	effect	of	gr	 loss	of	 function	on	the	HIF	signalling	when	the	
latter	 is	not	 constantly	overactivated	 (i.e.	 in	wild	 type-like	 scenario),	 I	 analysed	 the	
hypoxia	reporter	gene	expression	in	gr+/-;	phd3:eGFP	incrossed	derived		larvae	at	5	dpf.	
Quantification	 data	 based	 on	 the	 HIF-reporter	 expression	 in	 the	 aforementioned	
progeny	showed	that	gr	loss	of	function	is	able	to	cause	a	reduction	of	the	phd3:eGFP-
related	 brightness	 even	 in	 the	 absence	 of	 a	 HIF	 upregulated	 pathway.	 As	 a	
consequence,	these	data	indicate	for	the	first	time	in	an	in	vivo	animal	model	that	Gr	is	










at	 the	 level	 of	 the	 pituitary	 gland.	 For	 these	 reasons,	 I	 speculate	 that	 the	 resulting	




	 If	 this	 was	 true,	 I	 predicted	 to	 obtain	 an	 even	 more	 rescued	 phenotype	 by	
knocking-out	mr	 in	 a	 gr-/-;vhl-/-	 background.	 This	 is	 important	 because	 nothing	 is	







activation,	 as	 a	 consequence	 of	 cortisol	 stimulation.	 In	 addition	 to	 that,	 phenotypic	
analysis	 performed	 on	 VBA	 sorted	 gr+/-;mr-/-	 incross-derived	 larvae	 revealed	 the	
presence	of	an	intermediate	phenotype	in	gr-/-;mr-/-	that	was	in-between	the	on	of	gr-/-	
and	 wild	 types	 (figure	 4.15).	 However,	 once	 adults,	 these	 double	 mutants	 were	




functional	 genes	 is	 surprisingly	 not	 critical	 for	 survival	 in	 zebrafish,	 it	 causes	 a	
significant	 increase	of	weigh	 compared	 to	both	wild	 types	and	gr-/-	fish	once	adults	
(figure	 4.16).	 Since	 both	 Gr	 and	Mr	 are	 involved	 in	 adipose	 tissue	 differentiation,	
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of	 betamethasone	 treatment	 on	 gr-/-;vhl-/-,	 arnt1-/-;vhl-/-,	 arnt1-/-	 and	 vhl-/-	mutants.	
Importantly,	 my	 data	 besides	 confirming	 that	 BME	 acts	 as	 a	 potent	 HIF	 activator,	
indicate	a	key	role	for	Arnt1	in	regulating	the	BME-induced	HIF	response.	In	particular,	
the	fact	that	BME	did	not	increase	phd3:eGFP-related	brightness	both	in	arnt1-/-	and	in	

























to	 assuring	 proper	 HIF	 activity.	 By	 contrast,	 the	 BME-mediated	 HIF	 activation	 can	
occur	in	a	Vhl/Vll	independent	way	in	zebrafish	and		requires	Arnt1	function	to	occur.	
















in	 order	 to	 avoid	 metabolic	 shutdown	 and	 consequent	 death.	 Oxygen	 levels	 are	







conditions	 such	 as:	 inflammation,	 stroke,	 tissue	 ischemia	 and	 the	 growth	 of	 solid	
tumours	(Cummins	and	Taylor,	2005;	Murdoch,	Muthana	and	Lewis,	2005;	Cummins	
et	al.,	2007;	Elks	et	al.,	2015).	 In	this	respect,	synthetic	GCs	have	been	exploited	 for	
decades,	being	 the	equivalent	of	naturally	occurring	 steroid	hormones,	due	 to	 their	
potent	 anti-inflammatory	 action,	 in	 order	 to	 treat	 pathological	 conditions	 that	 are	




1	 is	 also	 able	 to	 negatively	 regulate	 steroidogenic	 acute	 regulatory	 (StAR)	 protein	
expression	and	steroidogenesis	in	mouse	granulosa	cells	(Kowalewski,	Gram	and	Boos,	
















factor	 signalling	 on	 GC	 pathway	 will	 be	 provided.	 To	 tackle	 this,	 I	 took	 advantage	
mainly	 of	 the	 vhl+/-(phd3:eGFP)	 line	 together	 with	 the	 aforementioned	 arnt1+/-	
(phd3:eGFP)	 mutant	 line	 I	 created.	 	 Of	 note,	 all	 the	 data	 I	 collected	 from	 RTqPCR	
analysis,	 whole	 mount	 in	 situ	 hybridisation	 (WISH)	 and	 cortisol	 quantification	
converged	towards	the	same	direction	and	allowed	me	to	propose	a	logical	model	of	
interaction	between	HIF	and	GC	signalling,	 in	vivo.	Once	again,	both	phenotypic	and	










To	 investigate	 the	role	of	HIF	signalling	on	GC	pathway,	 I	 initially	set	up	 to	 test	 the	
expression	of	four	potential	GC	target	genes	from	mammalian	studies	(fkbp5,	il6st,	pck1	





may	 have	 both	 other	 inputs	 and	 developmental	 regulation.	 In	 this	 regard,	my	 data	






pathway	(vhl-/-	 larvae)	compared	 to	DMSO	treated	vhl	 siblings	 (figure	5.1I).	On	 the	
other	hand,	when	the	HIF	pathway	is	downregulated	(arnt1-/-	larvae),	fkbp5	expression	
is	upregulated	(fold	change	=	24.1;	P<0.0001),	compared	to	DMSO	treated	wild-type	
levels	 (figure	 5.1L).	 Of	 note,	 these	 data	 highlighted	 the	 presence	 of	 a	 240	 fold	


















activity	 is	 expected	 to	 be	 low	 in	 wild-type	 larvae	 in	 a	 normoxic	 environment,	 its	
function	is	also	detectable	with	respect	to	suppression	of	GR	activity.	Indeed,	if	arnt1	












































Figure	 5.1.	 Schematic	 view	 of	 RTqPCR	 analysis	 on	 il6st,	 pck1,	 lipca	 and	 fkbp5	 (GC	 target	 genes)	
expression	carried	out	both	on	vhl+/-(phd3:eGFP)	and	arnt1+/-(phd3:eGFP).	The	aim	was	to	quantify	GC	
target	 genes	 expression	 in	 the	 presence	 of	 upregulated	 and	 downregulated	 HIF	 signalling	 pathway.	
Statistical	analysis	performed	on	ΔΔCt	values;	data	are	shown	as	fold	change	values	for	RTqPCR	analysed	
samples;	ordinary	Two-way	ANOVA	followed	by	Dunnett’s	multiple	comparison	test	(*P	<	0.05;	**P	<	













I	 have	 chosen	 these	 two	 probes	 because	 they	 are	 reliable	 and	 well-known	
readouts	 of	 HPI	 axis	 functioning	 and	 steroidogenesis.	 In	 particular,	 Pomca	 is	 the	
precursor	molecule	of	the	adrenocorticotropic	hormone	(ACTH),	which	is	transported	
via	 the	 peripheral	 circulation	 to	 its	 effector	 organ,	 the	 interrenal	 tissue,	 where	 it	
stimulates	the	synthesis	and	secretion	of	GCs.	Furthermore,	it	is	mainly	synthetized	by	
the	pituitary	anterior	lobe	corticotropes	and	the	intermediate	lobe	melanotrophs,	in	

























putatively	high	cortisol	 levels	 (figure	5.5).	Of	note,	 if	 this	was	 true,	 this	would	also	
explain	 the	 presence	 of	 high	 cyp17a2	 expression	 levels	 observed	 in	 DMSO	 treated	
mutant	larvae	(figure	5.2E-E’),	compared	to	arnt1	siblings	(figure	5.2C-C’)	























































































































































































































































































































































































































































































































































































carrying	 out	 in	 situ	 hybridization	 on	 the	 vhl	 mutant	 line.	 As	 expected,	 vhl	 siblings	





E’),	 and	 downregulated	 pomca	 expression	 (figure	 5.3B)	 compared	 to	 vhl	 siblings	
(figure	5.3C-C’	 and	5.3A).	Here,	 as	 previously	monitored	 in	 the	arnt1	mutant	 line,	
betamethasone	treatment	was	observed	to	decrease	cyp17a2	expression	at	the	level	of	
the	interrenal	gland	even	further.		
	 Therefore,	 I	 speculate	 that	 in	 the	 absence	of	 functional	vhl	 (HIF	upregulated	
scenario),	 proopiomelanocortin-a	 downregulation	 is	 most	 likely	 to	 occur	 as	 a	
consequence	of	a	HIF-mediated	downregulation	of	pomca	expression	(figure	5.5).			
	 As	a	consequence	of	the	above	considerations,	 if	 this	was	true,	 I	predicted	to	















































































































































































































































































































































































































































































































































responsiveness	 but	 also	 on	 steroidogenesis,	 whereas	 arnt1	 loss	 of	 function	
derepresses	 them,	 I	 quantified	 cortisol	 levels	 on	 the	 aforementioned	 vhl	 and	arnt1	
mutant	lines,	respectively.	Three	biological	replicates	of	150	larvae	each	for	hif1bsh544	
mutants,	 hif1bsh544	 siblings,	 vhlhu2117	 mutants	 and	 vhlhu2117	 siblings	 at	 5dpf	 were	
respectively	 used	 for	 steroid	 hormone	 extraction	 and	 quantification,	 as	 thoroughly	
described	in	the	subchapter	2.6	of	Material	and	methods.	Interestingly,	quantification	
analysis	 revealed	 that	 cortisol	 concentration	 was	 significantly	 reduced	 (P	 value	
<0.0028)	in	vhl-/-	larvae	(92,7	fg/larva),	compared	to	vhl	siblings	(321	fg/larva)	(figure	
5.4A).	 On	 the	 other	 hand,	 cortisol	was	 significantly	 increased	 (P	 value	 <0.0001)	 in	




transcriptional	 activity	 and	 of	 steroidogenesis.	 Indeed,	 if	 only	 GR	 transcriptional	
activity	 was	 blocked	 by	 HIF,	 cortisol	 levels	 would	 be	 expected	 to	 be	 higher	 in	 vhl	
mutants.	 This	 is	 because	 by	 blocking	 GR	 (i.e.	 as	 occurs	 in	 gr-/-	 larvae),	 the	 GC-GR	
mediated	 negative	 feedback	 cannot	 occur	 anymore	 and	 this	 makes	 larvae	
hypercortisolaemic	 (Faught,	 Best	 and	 Vijayan,	 2016;	 Facchinello	 et	 al.,	 2017).	









(P	 value	<0;0028)	 in	vhl	mutants	 (92.7	 fg/larva,	 in	 triplicate),	 compared	 to	vhl	 siblings	 (321	










pathways.	 However,	 insights	 about	 how	 the	 interplay	 between	 these	 two	 major	
signalling	pathways	precisely	occurs	 in	vivo	are	still	fragmentary	and	scarce.	To	this	




on	 two	 opposite	 mutant	 lines,	 characterised	 by	 an	 overexpressed	 (vhl	 -/-)	 and	 a	
downregulated	(arnt1-/-)	HIF	pathway,	respectively.		
Collectively,	 my	 data	 show	 that	 the	 strong	 activation	 of	 the	 HIF	 signalling	
pathway,	induced	by	vhl	mutation,	is	able	to	blunt	the	GR	transcriptional	regulation,	as	
judged	by	fkbp5	expression.	Vice	versa,	the	inhibition	of	the	HIF	pathway,	induced	by	
arnt1	 loss	 of	 function,	 derepressed	 it.	 Furthermore,	 betamethasone	 treatment	
performed	 on	 the	 aforementioned	 mutant	 lines,	 followed	 by	 RTqPCR	 analysis,	
confirmed	these	data.	Indeed,	by	triggering	a	further	upregulation	of	the	HIF	signalling	






blunt	 GC	 responsiveness	 anymore,	 BME	 can	 further	 upregulate	 GC	 reporters.	
Furthermore,	 since	 these	 experiments	were	 carried	 out	 under	 normal	 atmospheric	
	
	188	
oxygen	 conditions,	 it	 is	 plausible	 to	 infer	 that	 even	 the	 low	 normoxic	 HIF	 activity	
nonetheless	suffices	to	attenuate	GR	transcriptional	regulation.	
Then,	in	order	to	check	whether	this	was	due	to	any	potential	effect	played	by	





versa,	 vhl-/-	 larvae	 which	 have	 a	 downregulated	 GC	 response,	 displayed	 a	
downregulated	cyp17a2	expression.		
As	a	 consequence	of	 the	 above	 considerations,	 taking	 into	 account	 the	qPCR	
data	on	 fkbp5	 expression	 in	both	mutant	 lines,	 I	 assume	 that	 in	an	arnt1	 knock-out	
scenario,	 the	 downregulation	 of	pomca	 occurs	 as	 a	 consequence	 of	 the	 GC	 induced	
negative	feedback	loop,	aimed	to	tune	cortisol	biosynthesis.		















transcription	 to	mediate	 glucose	 sensing	 in	mice,	 (Sharp,	 Bergeron	 and	 Bernaudin,	
2001;	 Baranova	 et	 al.,	 2007;	 Fan	 et	 al.,	 2009;	 Zhang	 et	 al.,	 2011),	 would	 allow	 to	
strengthen	my	hypothesis	 about	 the	negative	 regulatory	 function	played	by	HIF	on	
pomca	expression.	Moreover,	since	the	GC	circadian	production	in	teleost	is	tuned	at	












Importantly,	 my	 data	 would	 also	 be	 consistent	 with	 previous	 work	 which	





















































cases,	 since	 betamethasone	 acts	downstream	 of	 the	HPI	 axis,	 by	 directly	 binding	 to	 Gr,	 it	 is	 able	 to	
upregulate	GC	target	genes	expression.	Consequently,	since	GCs	are	able	to	stimulate	the	HIF	signalling,	






















Homeostasis	 is	 a	 state	 of	 optimal	 functioning	 in	 an	 organism,	 based	 on	 internal,	
physical	 and	 chemical	 conditions,	 which	 is	 maintained	 by	 several	 regulatory	
mechanisms	aimed	 to	assure	both	survival	and	correct	 functioning	of	all	vertebrate	
species’	body	(Biddlestone,	Bandarra	and	Rocha,	2015).		
	 In	 particular,	 one	 of	 the	 main	 stressors	 that	 perturbs	 homeostasis	 is	
represented	by	hypoxia.	It	is	a	common	stressful	condition	to	which	cells	must	rapidly	
respond,	 which	 is	 characterized	 by	 the	 lack	 of	 appropriate	 oxygen	 supply	 to	meet	
metabolic	 requirements	 (Bertout,	 Patel	 and	 Simon,	 2008;	 Semenza,	 2013).	 In	 this	
regard,	one	of	the	primary	cellular	apparatus	that	organisms	developed	to	cope	with	





















variety	 of	 physiological	 processes	 comprising	 inflammation,	 glucose	 homeostasis,	
stress	response	and	intermediary	metabolism.	
	 In	 this	 respect,	 while	 several	 in	 vitro	 studies	 highlighted	 the	 presence	 of	 a	
crosstalk	between	hypoxia-inducible	factors	and	GCs,	(Kodama	et	al.,	2003;	Leonard	et	
al.,	 2005;	 Wagner	 et	 al.,	 2008;	 Zhang	 et	 al.,	 2015,	 2016)	 many	 questions	 remain	
unanswered	 and	 the	 argument	 is	 still	 debated.	 To	 this	 end,	 this	 study	 builds	 on	
previous	 knowledge	 regarding	 the	 interplay	 between	 these	 two	 major	 signalling	
pathways	 and	 provides	 further	 insights	 related	 to	 the	 role	 of	 HIF	 signalling	 on	 GC	
responsiveness	and	vice	versa.	Of	note,	it	is	particularly	important	to	study	and	shed	
light	 on	 this	 discussed	 topic	 for	 the	 following	 reasons:	 a)	 by	 teasing	 out	 how	 this	
crosstalk	 occurs	 in	 vivo	 researchers	 might	 find	 new	 routes	 to	 downregulate	 HIF	
signalling	for	clinical	purposes;	b)	by	understanding	how	GCs	act	on	HIF	and	vice	versa,	
it	will	 be	 also	 possible	 to	 reduce	 	 both	 the	 presence	 of	 adverse	 effects	 and	 the	 GC	
resistance,	which	nowadays	limit	their	clinical	use.	Therefore,	extending	the	research	
on	 how	 precisely	 this	 interplay	 occurs	 in	 vivo,	 may	 have	 a	 wide	 physiological	
significance	in	health	and	disease	and	may	help	researchers	to	develop	more	effective	
anti-inflammatory	drugs	in	the	future.	
	 To	 this	 end,	 the	 zebrafish	 (Danio	 rerio)	 has	 been	 selected	 because	 it	 is	 an	
effective	in	vivo	model	organism	to	study	how	and	to	what	degree	hypoxic	signalling	
affects	 the	 endogenous	 GC	 response	 and	 vice	 versa.	 Indeed,	 zebrafish	 share	 all	 the	
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components	 of	 the	 human	 HIF	 and	 GC	 signalling	 pathways	 and	 it	 has	 been	
demonstrated	to	be	a	very	informative	and	genetically	tractable	organism	for	studying	

























Arnt2	 isoform	 is	 especially	 required	 in	 the	 developing	 central	 nervous	 system,	 in	
accordance	 with	 previous	 study	 (Hill	 et	 al.,	 2009).	 As	 a	 consequence	 of	 the	 above	
considerations,	the	similarities	observed	in	terms	of	HIF	reporter	brightness	both	in	
arnt1-/-;vhl-/-	and	arnt2-/-;vhl-/-	 	 larvae	(obtained	via	CRISPant	 technology)	suggested	




will	 help	 to	 elucidate	 which	 is	 their	 involvement	 in	 the	 HIF	 signalling	 at	 early	
developmental	stages	in	zebrafish	larvae.		






This	 is	 important	 because	 there	were	 no	 clear	 indications	 so	 far	 about	 the	 control	
mechanism	performed	by	HIF	on	GC	responsiveness.	Indeed,	the	majority	of	the	data	
about	 it	derived	 from	 in	vitro	studies,	where	 	no	 functional	HPI	axis	with	 its	GC-GR	
mediated	 negative	 feedback	 loop	 are	 present	 (Kodama	 et	 al.,	 2003;	 Leonard	 et	 al.,	
2005;	Wagner	et	 al.,	 2008;	Gaber	et	 al.,	 2011;	 Zhang	et	 al.,	 2015).	 	 For	 this	 reason,	
showing	and	confirming	the	presence	of	this	mechanism	would	be	able	to	clarify	how	









which	was	 instead	downregulated	 in	 vhl-/-	 larvae.	 	 Furthermore,	by	 considering	 the	
quantitative	analysis	on	GR	target	genes	in	these	mutants,	it	was	possible	to	infer	that	
in	 an	 arnt1	 knock-out	 scenario	 (where	 HIF	 is	 suppressed),	 pomca	 downregulation	




levels	and	GC	response	were	downregulated	 in	 the	presence	of	pomca	 and	cyp17a2	
inhibition,	 strengthened	 the	 hypothesis	 that	 this	 might	 occur	 due	 to	 a	 direct	 HIF-
mediated	activity	on	pomca	expression.		
	 Indeed,	GCs	control	a	plethora	of	physiological	processes,	act	on	almost	all	the	
tissues	 and	 organs	 in	 the	 body	 and	 have	 a	 strong	 anti-inflammatory	 and	
immunosuppressive	 actions.	 For	 these	 reasons,	 their	 production	 must	 be	 finely	
controlled	 by	 the	 HPA/I	 axis	 (R.	 Oakley,	 2013).	 Moreover,	 even	 if	 it	 is	 rare	 and	
counterintuitive	 that	 a	 GC-resistant	 condition	 coincides	with	 low	 cortisol	 levels	 (as	
observed	 in	 BME	 treated	 vhl	 mutants),	 I	 speculate	 that	 HIF	 signalling	 can	 act	 as	 a	
second	 controller	of	 the	GC-mediated	 stress	 response	 (in	 addition	 to	 cortisol	 levels	
themselves).	Indeed,	as	previous	work	in	my	laboratory	highlighted	that	GCs	also	act	
as	HIF	activators	(Santhakumar	et	al.,	2012;	Vettori	et	al.,	2017)	I	infer	that	HIF	may	in	




and	 homeostasis.	 Of	 note,	 the	 reason	 for	 hypothesising	 that	 HIF	 signalling	 would	
counteract	the	anti-inflammatory	GC	activity,	resides	in	the	fact	that	the	simultaneous	
expression	 of	 both	 upregulated	 HIF	 and	 GC	 pathway	 would	 be	 detrimental	 to	
homeostasis.	Indeed,	HIF	is	a	master	regulator	of	cellular	pro-inflammatory	responses	






et	 al.,	 2017).	 Importantly,	 the	 fact	 that	 cortisol	 levels	 were	 reduced	 in	 vhl-/-	 and	
upregulated	in	arnt1-/-	is	consistent	with	my	assumption.	In	addition,	the	fact	that	in	














 With respect to the	role	of	GCs	in	the	HIF	signalling,	it	is	important	to	notice	that	




(Vettori	 et	 al.,	 2017)	 established	 that	 activation	 of	 the	 GC	 signalling	 negatively	
regulates	VHL	 in	human	 liver	 cells.	However,	my	 current	data	derived	 from	 in	 vivo	
genetic	 analysis	 on	 these	 mutants	 reveal	 that	 in	 zebrafish	 larvae	 there	 must	 be	 a	


















	 Finally,	 the	 importance	 of	 GCs	 in	 the	 HIF	 pathway	was	 further	 analysed	 by	
studying	the	Mr	contribution	to	the	HIF	signalling	itself.	Indeed,	nowadays	nothing	is	
known	about	it.	Moreover,	a	recent	work	by	Faught	and	Vijayan,	2018	demonstrated	
that	 both	 Gr	 and	 Mr	 are	 involved	 in	 the	 regulation	 both	 of	 zebrafish	 stress	 axis	
activation	 and	 function.	 Surprisingly,	 the	 fact	 that	 mr	 CRISPR	 injection	 in	 a	 vhl-/-	
background	triggered	a	significant	reduction	of	HIF	reporter	brightness,	compared	to	
uninjected	 vhl-/-	 larvae	 highlighted	 for	 the	 first	 time	 in	 vivo	 the	 importance	 of	








and	 is	 proven	 difficult	 to	 downregulate	 in	 vivo,	 this	 outcome	 can	 have	 a	 wider	





to	 anxiety,	 depression	 and	 post-traumatic	 stress	 disorders	 (Griffiths	 et	 al.,	 2012).	
However,	 recent	 studies	 have	 debated	 about	 cortisol’s	 role	 as	 pathophysiological	




this	 regard,	 the	 use	 of	Mr	 inhibitors	 in	 combination	with	 iron	 chelators	 (i.e	 EDTA,	
deferiprone)/PHD	 inhibitors	 (i.e	 dimethyloxalylglycine,	 DMOG)	 could	 help	 stabilize	
HIF	in	order	to	both	counteract	the	exacerbated	GC	production	and	to	simultaneously	
avoid	any	possible	cortisol-MR	mediated	activity.	This	could	also	be	useful	to	reduce	
long-term	 use	 GC	 related	 side	 effects.	 On	 the	 other	 hand,	 since	 synthetic	 GCs	 are	
commonly	used	for	acute	and	chronic	inflammatory	disorders	treatments,	a	combined	
use	with	HIF	blocking	 chemicals	 and/or	oxygen	 treatment	 could	help	 reducing	HIF	
overexpression	 and	 to	 potentiate	 GC-related	 effects.	 In	 accordance	 with	 this	
assumption,	 the	 fact	 that	 dexamethasone	 (GC	 agonist)	 has	 been	 recently	 shown	 to	








Transfer	 (FRET)	 assay,	 could	help	uncovering	which	 genes,	 domains,	HRE/GRE	are	

















both	GR	 responsiveness	 and	 steroidogenesis	was	uncovered	 as	 shown	via	RTqPCR,	
WISH	 and	 steroid	 hormone	 quantification.	 A	 novel	 mineralocorticoid	 receptor	
contribution	 to	 the	 HIF-GC	 crosstalk	 was	 also	 highlighted.	 Here,	 although	 Mr	
contribution	to	HIF	response	 in	other	organisms	remains	unclear,	my	data	suggests	
that	 research	 into	 its	 function	 is	warranted.	 Finally,	 original	 zebrafish	mutant	 lines	
(gr+/-;vhl+/-,	arnt1+/-;vhl+/-	and	arnt1+/-;gr+/-;vhl+/-)	which	helped	to	better	comprehend	
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